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A series of eight shake table experiments were conducted to assess the long-term seismic 
performance of Dry Storage Casks (DSCs). Four scaled specimens were designed to cover a wide 
range of commercially available DSCs with emphasis on aspect ratios, the radius over the height 
of the center of mass (r/hc.g.). The aspect ratios were: 0.39, 0.43, 0.56, and 0.62. Three 1/2.5 scale 
shake table experiments were conducted using an anchored cask with the 0.43 aspect ratio. Of 
the three anchored cask experiments, two were conducted using stretch length anchors, one 
using the six-degree-of-freedom (6DOF) shake table and the other conducted on a biaxial shake 
table in the Earthquake Engineering Laboratory at the University of Nevada, Reno. The final 
anchored experiment was conducted using conventional length anchors and the biaxial shake 
table. Five freestanding cask experiments were conducted using the 6DOF shake table. The 0.39 
and 0.62 aspect ratio casks had a scale of 1/3.5, while the 0.43 and 0.56 aspect ratio cask had a 
scale of 1/2.5.  
During the shake table experiments, casks exhibited a rock, slide, and/or rock-slide motions. 
Impacts between the concrete footing and cask can also result in a slide behavior. These motions 
turn into a precession and nutation motion, with or without sliding, when rocking about two or 
more directions simultaneously. Anchored casks resisted sliding and uplift, and the use of stretch 
length anchors provided more ductility and resilience when compared to conventional length 
anchors. A rock, rock-slide, and impact-slide response was seen for freestanding casks, but pure 
sliding behavior was rarely witnessed for freestanding casks. As the aspect ratio increases, the 
seismic response of the cask decreases. All casks, anchored and freestanding, showed acceptable 
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After the fuel is exhausted in the nuclear reactor the fuel assemblies are transferred to cooling 
pools for a minimum of five years. The cooling pools control the temperature of the fuel 
assemblies and prevent melting of their cladding. Once the fuel assemblies have cooled 
sufficiently the spent nuclear fuel is often transferred to a Dry Storage Cask (DSC). DSCs are 
generally constructed of two parts: an outer shell referred to as the overpack, and an inner 
canister that contains the fuel assemblies, which is referred to as the Multipurpose Canister 
(MPC).  DSCs are designed as free-standing structures resting on a reinforced concrete foundation 
pad, or casks anchored to a foundation pad. DSCs have been considered as a temporary storage 
solution, and are usually licensed for 20 years. Now they can be relicensed for operating periods 
of up to 60 years. In order to extend relicensing periods, studying the long-term seismic 
performance of DSCs is essential. Assessing the rocking-sliding behavior for free standing DSCs 
under ground motion excitation is complex. 
Significant research has been conducted on freestanding rigid bodies in the past. Most of this 
research applies to rigid block like structures when subjected to ground excitation. Research 
conducted by Housner on rectangular blocks found a scale effect where the larger of two 
geometrically similar blocks was more stable than the smaller block. Housner also observed that 
tall slender blocks were more stable when subjected to earthquake motions and less stable when 
subjected to a constant horizontal force [1]. Yim et al. further investigated the dynamics of rigid 
blocks. They found that the rocking response of rigid rectangular blocks is very sensitive to small 
changes in its size and slenderness, as well as the characteristics of the ground motion. The 





decreased slenderness. Yim et al. also showed that the vertical component of the ground motion 
significantly, in a nonsystematic way, affects the response of a rigid block [2]. Shenton and Jones 
developed exact and approximate equations of motion for rigid bodies subjected to base 
excitations. Shenton and Jones showed that for an accurate model of the generalized response of 
rigid bodies subjected to base excitations, the modelling of the impact event must be carefully 
considered [3].  
Makris and Vassiliou developed a Lagrange formulation of equations of motion for the rocking 
response of rocking circular columns for in plane motions. With these equations overturning 
regions were developed for freestanding blocks that subjected to pulse like ground motions [4]. 
Studies that have investigated the response of classic temple columns. Drosos and 
Anastasopoulos found, through experimental studies, that classic columns performed well with 
little damage or residual displacement when subjected to the strongest ground motions ever 
recorded from Greece. It was also found that tip over is likely only for extremely strong directivity-
affected ground motions [5]. These studies were related to this investigation, but DSCs have 
significantly smaller aspect ratios and different boundary conditions than classic temple columns. 
Shirai et al. investigated the performance of a freestanding DSC being subjected to horizontal 
components of strong earthquake ground motions [6]. This study found that the tip-over of a scale 
model cask was not observed even when the input paramenters exceeded the estimates found 
using energy methods and velocity criteria. Shirai’s study lacked the vertical component of the 
ground motion which has been shown to have a significant influence on the response of DSCs, 
also the Shirai experiment only investigated one aspect ratio DSC. This study will investigate four 
aspect ratios for DSCs, as well as investigate the effects of strong ground motions, including the 





The main goal of this study is to evaluate the long-term seismic performance of DSCs. In order to 
evaluate seismic performance, experimental tests were conducted using both biaxial and a six 
degree-of-freedom (6DOF) shake table in the Earthquake Engineering Laboratory at the University 
of Nevada, Reno. Four scaled specimens were chosen to represent performance over a range of 
commercially available DSCs. Five freestanding experiments were conducted on freestanding 






2 Specimen Preparation 
2.1 Specimen Selection 
Two generic cask systems were designed, including a slender and a squat cask to detect potential 
cask global instability due to tip over and sliding, respectively. The prototypes were designed 
considering the US inventory, and generic casks being used in research studies [7], [8], [9]. 
Currently the nuclear industry is using large dry storage systems with canister capacities up to 37 
pressurized water reactor (PWR) and 80 boiling water reactor (BWR) fuel assemblies. A total of 
approximately 1600+ loaded canisters in dry storage systems are in use at active or 
decommissioned reactors [10]. More than a quarter of these casks are MPC-68 and MPC-32 
Holtec casks that have overpacks with two steel linings, as illustrated in  
Figure 2.1. Scaled specimens were designed using a similar two steel lining detail. During the 
excitation of an earthquake, the response of the cask could be a sliding motion, a rocking motion 
or a sliding–rocking motion, which is dependent on cask slenderness and the values of coefficient 
of friction (µ) between the cask and the foundation pad. The sliding motion helps to dissipate 
energy, while the rocking motion brings damaging effects. Accordingly, for seismic stability 
reasons, it is preferable to allow sliding motion of the cask but to minimize the possibility of 
rocking motion during strong earthquakes [11]. Friction is critical, but significantly changes with 
time and is difficult to estimate. Slenderness of the cask is a primary governing factor for choosing 
specimens. The ratio between the cask outer radius and the height from the base to its center of 
gravity (r/hc.g.) is a significant factor that represent cask slenderness. Selection of the specimen 
dimensions was performed to cover a range of commercial DSCs as presented in NUREG/CR-6865 





as asterisks, and the aspect ratios of the chosen scaled specimens, shown as horizontal lines. Two 
generic casks were chosen according to their r/hc.g. ratio. Cask I at a scale of 2.5:1 and Cask II at 
a scale of 2.5:1, have r/hc.g.  ratios equal to 0.56 and 0.43, respectively. Further analysis was 
completed and it was determined that the MPC could also be used to represent a cask with an 
r/hc.g. ratio equal to 0.39, at a 3.5:1 scale.  Furthermore, it was found that if the additional mass 
used to meet scaling and similitude requirements was removed from Cask I, along with the 
absence of the MPC, another r/hc.g.  ratio of 0.62 would be able to be tested at a 3.5:1 scale. 
Specimens without the MPC would lacked the interaction between the MPC and the overpack 
that would be seen in real world conditions, but would provide an overall understanding of the 
performance of a cask with a particular aspect ratio. Using two different scaling values allowed 
for the testing of four scaled specimens that covered the range of all commercially available DSCs. 
2.2 Scaling and Similitude 
A prototype cask, modeled after a Holtec HI-Storm 100, was developed using finite element 
software. Using this model, stresses throughout the specimen were analyzed, including contact 
stresses between the cask/pad interface. The average contact stress of the full scale prototype 
was found to be 25.6 psi. This would be used as the desired contact stress value for the scaled 
specimens. According to scaling and similitude laws, the fabricated overpacks and MPCs needed 
additional mass to properly model the actual mass of the prototype. Figure 2.3 depicts a 
comparison of the prototype dimensions and stresses to the scaled specimens, and the addition 
mass required. 
Two LS_DYNA FEM models were run to check that the steel shells of the specimens would remain 
elastic during testing. This is critical due to the extreme impact forces that the specimen 





the casks: freestanding (not anchored to the footing, free to slide and uplift) and anchored (bolted 
to the footing to constrain horizontal and vertical movement).Using the cask with an aspect ratio 
of 0.43, the first specimen modeled took into consideration the clamp that was used to test 
anchored casks. Using the 0.43 aspect ratio and an anchored cask gave the maximum expected 
stresses. Anchoring the cask in the model restrained the cask from being able to move in the 
horizontal direction when the load was applied. Since the slender cask is taller than the squat 
cask, the increase in height results in an increase in moment at the base of the cask. The cross-
sectional area of the slender casks outer shell is smaller than that of the squat cask. The 
combinations of these factors generate higher stresses than are expected for any of the 
freestanding cask tests, slender or squat.  A load equal to 1.5 times the specimen weight was 
applied horizontally to the specimen and then stresses were checked. The resulting Von Mises 
stress concentration on the outer shell, which can be seen in Figure 2.4, was found to be 48.5 ksi. 
The maximum principle stress was found to be 26.43 ksi as seen in Fig. 2.5. 
The resulting Von Mises stresses found in the FEM model exceeded the ultimate capacity of Grade 
36 steel. To try and reduce these stresses a second model was developed, where the gap between 
the inner and outer shells of the overpack was filled with 12 inch of concrete. The concrete layer 
allowed the stresses to be distributed between the inner shell, outer shell, and the base plate of 
the overpack. This resulted in a large reduction of stresses. The maximum resulting Von Mises 
was found to be 5.63 ksi, depicted in Fig. 2.6. Maximum principle stresses were 2.41 ksi, as seen 
in Fig. 2.7. By adding the concrete, Grade 36 steel was able to be used as the primary material for 
the specimens. 
A SAP model was developed for design and to check the scaled generic cask as shown in Fig. 2.8. 





The total weights of the scaled casks are 36.2 kips and 33.5 kips for the overpacks with r/hcg = 
0.56 and 0.43, respectively. The high weight of the casks will affect the developed stresses on 
each part of the cask during handling. Using the model, material thicknesses were increased at 
the outer surface of the overpack to allow for elastic material behavior during the handling of the 
casks. 
The casks were built at a 2.5:1 scale, and tested using the shake tables at the Earthquake 
Engineering Laboratory at the University of Nevada, Reno. That is, the casks represent full scale 
casks that would have dimensions 2.5 times larger and would lie within the dimensions range of 
the current US cask inventory. The larger casks will allow a better correlation with full scale casks. 
The squat cask has a radius-to-height of center of gravity ratio ⁄ℎ .g. = 0.56, whereas the slender 
cask has a ⁄ℎ .g. = 0.43. The casks were fabricated from steel, and were constructed in Reno, 
Nevada. In addition to reducing stresses at of the overpack shell, the 12 inch layer of concrete as 
help to locate the height of the center of gravity to the desired location for the cask with an aspect 
ratio of 0.43. No concrete layer was added to the cask with an aspect ratio of 0.56. 
When all experiements were completed with the original casks, the MPC and the squat overpack 
were used to conduct two more experiments at a scale of 3.5:1. The MPC was used to represent 
some of the most slender casks found in the United States inventory. The aspect ratio of this 
specimen was 0.39. The squat overpack, with an aspect ratio of 0.56, was used to represent some 
of the squattest casks in the United States inventory. The squat overpack had an aspect ratio of 







Grade 36 steel was selected as the primary material to be used in the fabrication of the casks. 
Two steel tubes were used in the constructing of the overpacks. The first tube created the 
overpack outer shell, while the second tube creates an inner shell where the MPC is placed within. 
All tubes were rolled from plate steel to the desired diameter, the seams of the shell were then 
welded together using a Complete Joint Penetration (CJP) weld. The weld was then ground 
smooth and the lining shell was rerolled to make them as close as possible to the required sizes 
with maximum tolerance of ±1/16 in. Figure 2.9 details the instructions and guidelines used for 
fabrication of the casks. 
2.3.1 MPC 
The MPC has an overall height of 69.5”, and a diameter of 26”. The MPC shell was constructed 
from 3/16” thick steel, with a baseplate thickness of 1”. Two lids were constructed for the MPC. 
The first lid contains a 20” pipe that protrudes from the center of the lid, and was used when 
testing the squat cases. The second lid was used for the slender case, and was added to the top 
of the original lid. The slender cask was taller than the squat cask, so the addition lid was used to 
fill that void. Figure 2.10 through Figure 2.19 show the fabrication drawings for the MPC and 
associated lid assemblies. 
2.3.2 Overpack I 
Overpack I had an overall height of 85.5”, and a diameter of 45.5”. Overpack I’s outer shell was 
constructed out of 0.25” grade 36 steel, while the inner shell was constructed from 0.5” thick 
grade 36 steel. The base plate was made from a 2” thick piece of plate steel. Two 4” thick steel 





to help position the desired center of gravity height. Overpack I’s lid was constructed from three 
steel plates welded together. The top plate covered the entire overpack while the two other 
plates, which were a smaller diameter, filled the remaining void that existed above the MPC.  
Figure 2.20 through Figure 2.25 show the fabrication details for overpack I. 
2.3.3 Overpack II 
Overpack II had an overall height of 95.5”, and a diameter of 41.5”. Overpack II’s outer shell was 
constructed out of 0.25” grade 36 steel, while the inner shell was constructed from 0.5” thick 
grade 36 steel. The base plate was made from a 2” thick piece of plate steel. Two 4” thick steel 
pedestal plates were welded to the baseplate within the inner cylinder to support the MPC and 
to help position the desired center of gravity height. Overpack I’s lid was constructed from four 
steel plates welded together. The top plate covered the entire overpack while the three other 
plates were used to fill the remaining void that existed above the MPC.  . Figure 2.26 – Figure 2.31 
show the fabrication drawings for overpack II. 
2.3.4 Additional Mass 
In order to meet scaling and similitude requirements, additional mass needed to be added to the 
specimens. Sixteen lead panels that were used to add mass to the specimens. In order to assemble 
these lead panels, the lead units were organized and assembled following the fabrication 
drawings found in Figs. 2.32 – 2.36. First lead weights were assembled so the holes in the lead 
aligned with the holes in the lead panel mounting plate. The lead units were then wrapped using 
plastic to prevent the lead from contaminating the surrounding sand. Then the panel mounting 
plates were secured to the lead weights using bolts and nuts. This ensured that the lead panels 
would stiff be enough to resist bending forces during the experiments and could be removed 





overpacks and MPC. The lead panels were welded in place at the top to ensure that the top of the 
panels would not shift during the experiments. The base plates of the overpacks contained vertical 
steel guides that restrained the panels’ movements at the base. After welding, sand was added 
to fill the remaining voids in the overpacks. The sand was dried prior to placement within the 
overpacks and the MPC. This ensured that the sand would properly flow into all of the voids. As 
an extra precaution, a concrete vibrator was used to help vibrate sand into any remaining voids. 
The sand used had a dry density of 100 lb./ft3. Figure 2.37 shows lead units being assembled into 
panels, prior to being wrapped in plastic. The left half of Fig. 30 shows the lead panels placed in 
their respective locations within the MPC prior to filling with sand. The right half of Fig. 2.38 shows 
the MPC with all additional mass added, just prior to placement of the lid. 
2.3.5 Clamp 
In addition to the casks, an anchorage device, hereon referred to as the clamp, was also designed. 
The clamp was used to test different anchorage configurations. The collaborators at the University 
of Utah conducted many single anchor tests to aid in future designing of the anchorage system. 
Guidelines from ACI 349 [13] and API 360 [14] were used to design the anchorage system. Tests 
were conducted on stretch length anchors and conventional anchors, along with changes in the 
chair and seat design.  Two chair/seat designs were considered: one assemblage used chairs and 
seats that remain elastic during extreme events such as an earthquake and the second chair and 
seat design allowed the components become plastic during extreme events. Please refer to, 
“Seismic Anchorage of Dry Storage Casks” for results from anchor tests conducted at the 
University of Utah [15]. For consistency in the results, University of Nevada, Reno designed the 
clamp following recommendations from University of Utah. All clamp chairs and seats were 





length of 10” were embedded to a depth of 8” in the concrete footing with 2” of thread protruding 
out of the concrete surface to attach to the clamp. Stretch length bolts with an overall length of 
16” were embedded to a depth of 8” in the concrete footing, with 8” of the anchor bolt extending 
above the footing surface. All anchor bolts used were ASTM F1554 Grade 36, with a diameter of 
0.75”. The system consisted of 10 anchor bolts that were evenly distributed around the cask. 
Figure 2.39 shows the clamp positioned of footing block prior to final assembly. Figure 2.40 shows 
the clamp with the cask placed in its position, notice there is a 0.125” gap between the clamp 
inner surface and the cask outer surface. Initially this gap was to be filled with high strength grout, 
but testing at the University of Utah showed that this resulted in non-composite action between 
the cask and the clamp. To achieve composite action within the system stiffener plates were 
designed. Figure 2.41 shows the stiffener plates after being welded between the cask and clamp. 
2.3.6 Footings 
Using the requirements set forth by ACI 318-14 [16], concrete footings were designed to 
withstand the extreme loads induced by the anchorage system as well as the high impact forces 
that are expected when uplift and impact occurs on between the cask and footing. A total of six 
footing were fabricated. All footings contained 20 PVC ducts, spaced at 1’ on center around the 
edges. This allowed for the footing to be attached and secured to the shake table using 1” 
threaded rods. All footings contained four cast-in-place lifting eyes that were used to handle and 
move the footings. Prior to casting of concrete, 0.5” plywood sheets were laid in the footing forms 
below the reinforcing cages. Placing the concrete on top of the plywood allowed for a more cost 
effective solution. Setup time between experiments was reduced due to the fact that the 
specimens did not need to be grouted to the table. 5,000 psi was the specified concrete strength 





cast in cold weather, after casting and finishing all footings were cured for a week under concrete 
blankets to ensure adequate moisture for hydration during the curing process and resist possible 
freezing from cold weather. 
2.3.6.1 Anchored Footings 
The first two footings were for the anchored cases. Each anchored case footing was 84” square 
with an overall depth of 18”. Reinforcing bars were number 5, ASTM A615 Grade 60. Two mats 
were constructed using 11 bars in the two orthogonal directions. The ends of these bars were 
turned down for the top mat and turned up for the bottom mat, allowing the two mats to be tied 
together at the edges. The combination of turned down and tied mat bar ends along with 49 
number 5, ASTM A615 Grade 60 shear ties gave sufficient shear strength for the footing. The 
calculated bending moment capacity for these footings was 240.4 kip-feet, with a shear capacity 
of 341 kips. Using the clamp as a template, two forms were made to position the 10 anchors 
correctly within the footing, as seen in Fig. 2.42 and Fig. 2.43 for the stretch and conventional 
anchors respectively. After a few hours of set time, forms from the upper surface of the concrete 
were removed, allowing for the surfaces to be trowelled smooth. After trowelling, the anchor bolt 
forms were replaced to ensure no movement during the curing process. Each of the ten anchor 
bolts cast into the footing had two Tokyo Sokki Kenkyujo Co., Ltd (TML) YEFLA-5 post yield strain 
gauges attached to capture strain measurements during testing, further discussed in the 
instrumentation section of this document. 
2.3.6.2 Freestanding Footings 
In addition to the two anchored footings, four footings for the freestanding cases were also 
constructed. All four freestanding footings were 84” square and had a depth of 14”. Reinforcing 





bars in the two orthogonal directions. The ends of these bars were turned down for the top mat 
and turned up for the bottom mat, allowing the two mats to be tied together at the edges. The 
combination of turned down and tied mat bar ends along with 49 number 5, ASTM A615 Grade 
60 shear ties gave sufficient shear strength for the footing. The calculated bending moment 
capacity for these footings was 142.25 kip-feet, with a shear capacity of 210.75 kips. Figure 2.44 
shows the reinforcing cage prior to casting of concrete. A possible failure mode of the footing is 
punching by shake table anchor rods through the footing edges. Using guidelines provided by ACI 
318-14, the punching strength for an edge and corner anchor rods were found to be 61 kips and 
62 kips respectively, which is well below the ultimate expected demand of 26.5 kips. These 
calculations also showed that the anchored case footings had sufficient punching strength as they 
are 4” thicker than the freestanding footings. Two surface textures were implemented during 
finishing. Two of the footings were cast with a smooth hand trowelled finish. The remaining two 
footings were cast with a rough surface, where the surface was only leveled with a straight board. 
Figure 2.45 and 2.46 show the rough and smooth finishes, respectively. The rough surfaced 
footings were constructed, but the testing program changed during the course of the experiments 
and it was decided to test two additional aspect ratio casks rather than test the effects of the 
rough concrete surface, so the rough surfaced footings were never used during shake table 
testing. 
2.4 Choice of Representative Ground Motions 
The following evaluation basis evaluation earthquakes were selected to represent the ground 
shaking for the cask/pad system: 
 Near Field Earthquake (Magnitude 6.0 at 2 kilometers) 





The near field earthquake represents an earthquake that occurs close to the site in question and 
includes near field effects such as fault directionality. The far field earthquake represents the 
effects of an earthquake that happens at a distance from the site in question. The magnitude of 
the spectral acceleration or seismic hazard at the site was represented using seismic hazard curves 
published in NUREG 6728 [17]. For a twenty year compliance period, independent spent fuel 
storage installations (ISFSI) are designed for a Design Bases Earthquake (DBE) with a return period 
of T = 2,000 years and a probability of exceedance of ν = 5e-4/year. In order to achieve a 
compliance period of 300 years, it was found that a return period of T ≥ 29,850 years was required 
with a probability of exceedance of ν = 3.3e-5/year. Using these parameter the seismic hazard for 
the evaluation earthquake was developed for the following return periods. 
 1,000-year return period 
 10,000-year return period 
 30,000-year return period 
In addition to the cask/pad evaluations, analysis was also completed to represent two general 
regions within the United States. 
 WUS = Western United States 
 EUS = Eastern United States 
The WUS hazard is represented by rock hazard curves for a Californian site from NUREG 6728. 
This hazard curve was selected to represent the WUS because of the higher levels of ground 
motion represented by this curve in terms of spectral acceleration. The EUS hazard curve was 
taken as the upper bound of the EUS hazard curves found in NUREG 6728. The frequencies of 





spectral accelerations for the determined return periods can be found in Figs. 2.47 and 2.48. In 
most cases, a nearby fault is often the most significant contributor to the seismic hazard at higher 
frequencies (e.g. 10 Hz). In contrast, a larger ground motion at more of a distance is often the 
significant contributor to the seismic hazard at lower frequencies (e.g. 1 Hz). Using the methods 
outlined in NUREG 6728, standard spectral shapes for the evaluation basis earthquake including 
appropriate rock conditions were developed. The response spectra for the basis evaluation 
earthquakes was then scaled to match the spectral acceleration values found for the 1,000, 
10,000 and 30,000-year events, respectively. The vertical components spectra for 1,000, 10,000, 
and 30,000-year return period were developed using the vertical to horizontal (V/H) spectral 
ratios obtained from NUREG 6728. The scaled evaluation basis acceleration response spectra for 
1,000-year, 10,000-year, and 30,000-year events are shown in Fig. 2.49 – Fig. 2.51, respectively. 
These response spectra were developed by Steven Bartlett at the University of Utah.   FEM models 
were ran using numerous ground motions. Final displacements from the FEM simulations were 
recorded and used in a comparison to elect the motions to be used for experimental testing. Table 
2.2 and Table 2.3 show the comparison of possible ground motions used for selection. 
2.4.1 Chi-Chi 
The CHY101 station of the Chi-Chi Taiwan, 1999 earthquake was chosen to represent a Far Field 
Earthquake.  This ground motion was spectrally matched using the 1 Hz hazard curve for a 1,000-
year, 10,000-year and 30,000- year return period. Original time histories were also used during 
the experiments. Figure 2.52 shows the three orthogonal components of the original unscaled 
Chi-Chi ground motion. The absolute peak values for accelerations of the Chi-Chi original ground 






Figure 2.53 shows the three orthogonal components of the 1,000 year spectrally matched Chi-Chi 
ground motion. Spectrally matching the Chi-Chi ground motion to the 1,000 year return period 
response spectra gives max accelerations of 0.269 g’s in the x-direction, 0.268 g’s in the y-
direction, and 0.286 g’s in the vertical direction. Figure 2.54 shows the three orthogonal 
components of the 10,000 year spectrally matched Chi-Chi ground motion. Spectrally matching 
the Chi-Chi ground motion to the 10,000 year return period response spectra gives max 
accelerations of 0.638 g’s in the x-direction, 0.640 g’s in the y-direction, and 0.681 g’s in the 
vertical direction. Figure 2.55 shows the three orthogonal components of the 30,000 year 
spectrally matched Chi-Chi ground motion. Spectrally matching the Chi-Chi ground motion to the 
30,000 year return period response spectra gives max accelerations of 0.914 g’s in the x-direction, 
0.925 g’s in the y-direction, and 0.977 g’s in the vertical direction. 
2.4.2 Erzican 
The Erzican, Turkey earthquake of 1992’s time histories were selected to represent a Near Field 
Earthquake for testing. Large pulses in the velocity and displacement time histories indicate that 
the Erzican, Turkey earthquake very well represents a near filed event.  Figure 2.56 depicts the 
original acceleration time histories. The absolute peak values for accelerations of the Erzican 
original ground motion are 0.496 g’s in the x-direction, 0.515 g’s in the y-direction, and 0.248 g’s 
in the vertical direction. Figure 2.57 shows the three orthogonal components of the 1,000 year 
spectrally matched Erzican ground motion. Spectrally matching the Erzican ground motion to the 
1,000 year return period response spectra gives max accelerations of 0.355 g’s in the x-direction, 
0.360 g’s in the y-direction, and 0.379 g’s in the vertical direction. Figure 2.58 shows the three 
orthogonal components of the 10,000 year spectrally matched Erzican ground motion. Spectrally 





accelerations of 1.052 g’s in the x-direction, 1.045 g’s in the y-direction, and 1.082 g’s in the 
vertical direction. Figure 2.59 shows the three orthogonal components of the 30,000 year 
spectrally matched Erzican ground motion. Spectrally matching the Erzican ground motion to the 
30,000 year return period response spectra gives max accelerations of 1.410 g’s in the x-direction, 
1.423 g’s in the y-direction, and 1.482 g’s in the vertical direction. 
2.4.3 San Fernando Pacoima Dam 
The Pacoima Dam station of the 1971 San Fernando earthquake (SFPD) was also chosen as a 
earthquake during the experiment. Unlike the previous records, SFPD was spectrally matched for 
both near field and far field earthquakes at a 1,000-year return period. SFPD was also spectrally 
matched for near field event at a 10,000-year return period. Figure 2.60 depicts each orthogonal 
component for the original SFPD acceleration time histories. The absolute peak values for 
accelerations of the SFPD original ground motion are 1.220 g’s in the x-direction, 1.240 g’s in the 
y-direction, and 0.687 g’s in the vertical direction. Figure 2.61 shows the three orthogonal 
components of the 1,000 year spectrally matched SFPD ground motion. Spectrally matching the 
SFPD ground motion to the 1,000 year return period far field response spectra gives max 
accelerations of 0.266 g’s in the x-direction, 0.271 g’s in the y-direction, and 0.288 g’s in the 
vertical direction. Figure 2.62 shows the three orthogonal components of the 1,000 year near field 
spectrally matched SFPD ground motion. Spectrally matching the SFPD ground motion to the 
1,000 year return period near field response spectra gives max accelerations of 0.356 g’s in the x-
direction, 0.347 g’s in the y-direction, and 0.380 g’s in the vertical direction. Figure 2.63 shows the 
three orthogonal components of the 10,000 year near field spectrally matched SFPD ground 





response spectra gives max accelerations of 1.071 g’s in the x-direction, 1.047 g’s in the y-
direction, and 1.118 g’s in the vertical direction. 
2.4.4 Hector Mine 
Results from the FEM models showed that the Hector station time histories of the Hector Mine 
earthquake caused an unusual response in the cask when compared to similar motions. The FEM 
model showed that the final displacements at the base of the cask were much higher than those 
of similar magnitude, as can be seen in Fig. 2.64. The Hector mine motion was spectrally matched 
to a 30,000-year return period with near field characteristics. The three orthogonal components 
of the acceleration time histories can be seen in Fig. 2.65. Spectrally matching the Hector Mine 
ground motion to the 10,000 year return period response spectra gives max accelerations of 0.918 
g’s in the x-direction, 0.918 g’s in the y-direction, and 0.982 g’s in the vertical direction. 
2.4.5 Landers 
The Yermo Fire Station station of the 1992 Landers earthquake was chosen as a ground motion 
due to its response in the FEM models. In the FEM models, this ground motion produced large 
horizontal displacements. The absolute peak values for accelerations of the Landers original 
ground motion are 0.918 g’s in the x-direction, 0.918 g’s in the y-direction, and 0.982 g’s in the 
vertical direction. Figure 2.66 shows the three orthogonal components of the Landers original 
ground motion. 
2.4.6 Loma Prieta 
The Capitola station of the 1989 Loma Prieta earthquake was also chosen as a ground motion due 
to its displacement response in the FEM models.  The absolute peak values for accelerations of 





and 0.982 g’s in the vertical direction. Figure 2.67 shows the three orthogonal acceleration 
components of the Loma Prieta original ground motion. 
2.4.7 Sinusoidal Motions 
During the first two freestanding experiments it was observed that little to no “pure” sliding 
motion occurred during the shake table experiments. It was then determined that a sinusoidal 
motions would be implemented to try to capture a pure sliding motion.  Two separate sinusoidal 
motions were developed to achieve this. First motion had an amplitude of 0.6 g’s at frequency of 
1.5 Hz, depicted in Fig. 2.68. The second sinusoidal motion was ascending in amplitude every five 
cycles, from 0.3 g’s to 0.8 g’s at a frequency of 5 Hz, seen in Fig. 2.69. 
2.4.8 Comments 
Using the software that controls the shake tables, the research group was also able to increase or 
decrease the amplitude of any of the motions described previously. Generally testing began with 
motions of smaller amplitude and shorter return periods. This allowed for a gradual increase in 
ground motions, which helped limit damage to the specimen, equipment, and personnel. A 
detailed list of ground motions for each specimen can be found in the test setup section. 
2.5 Experimental Setup 
A total of 8 experiments were conducted using the shake tables at the Earthquake Engineering 
Laboratory at the University of Nevada, Reno. Six of eight experiments were conducted on the 
six-degree-of-freedom (6DOF) table. The table was programed to constrain movements to the x, 
y, and z directions while roll, pitch, and yaw rotations were not used for testing. This allowed the 
table to accurately execute the three orthogonal components of the ground motion time 





shows an outline of the eight conducted experiments. The first two letters in the test name 
represent the type of experiment, AC for an anchored and FS for freestanding. The next part of 
the test name, which starts with the period is the aspect ratio, where .43 is a cask with a 0.43 
aspect ratio cask. For the anchored cases the aspect ratio is followed by the shake table type used 
to conduct the experiments, where B stands for biaxial and 6 stands for 6DOF. The final letter at 
the end of the anchored test names stands for the type of anchor used, S for stretch length anchor 
and C for a conventional length anchor. 
2.5.1 Assembly 
Final specimen assembly began when all additional mass panels had been assembled. Assembled 
panels were then place within their respective locations within the overpacks and MPC. Dry sand 
was then added to the specimens until the sand was approximately 10” from the top of the 
specimen. This left room for the welder to weld the additional mass panels to the overpacks and 
MPC shells. Welding was used to inhibit undesirable movement of the mass during shake table 
testing. After welding, all remaining voids in the overpack were filled with sand and then vibrated 
using a concrete vibrator to ensure all voids had been adequately filled. With all voids filled, the 
MPC lid/s were able to be secured to the top of the MPC. The MPC contained instruments to 
capture acceleration data. The wires for these instruments were threaded thru holes in the MPC 
lid for later connection to the data acquisition system. For the slender cases two MPC lids were 
added as described in the fabrication section of this document. For the squat case only one MPC 
lid was used. The MPC was then placed in the overpack. A small gap of approximately 0.125” exists 
between the overpack inner shell surface and the MPC outer shell surface. This is in line with 
industry standards as most casks have this small gap to allow for air circulation, which aids in 





threaded through holes in the overpack lid as it was suspended above the overpack. After 
placement of the MPC within the respective overpack, the overpack lid was able to be lowered 
from a crane into its final position atop the overpack, as seen in Fig. 2.70. The previous assembly 
steps were used for all experiments with a scale of 2.5:1. 
2.5.2 AC.436-S (6DOF) 
The first experiment conducted was an anchored specimen, where the cask was fixed at the base 
to the footing surface using 10 stretch length anchor bolts and the clamp describe in the 
fabrication section. This experiment was conducted on Cask II using the six-degree-of-freedom 
shake table. The scale for this experiment was 2.5:1. Figure 2.71 show the AC-0.43-S specimen 
prior to testing on the 6DOF table. A total of 77 ground motions were executed using this 
anchorage configuration. A complete table of the conducted ground motions can be found in 
Appendix A. During these motions, the capacity of the shake table was exceeded eight times, 
mainly due to the overturning moment experienced by the table.  This inhibited the cask from 
fully utilizing the capacity of the anchorage device, and minimal inelastic deformations were 
observed. To mitigate this problem, all further testing of anchored cases was conducted using a 
biaxial shake table. The first 35 ground motions were conducted using all 10 anchor bolts. 
Beginning with motion 36, five of the 10 anchor bolt nuts were removed and ground motions 
were ran using this configuration. After ground motion 53 all of the remaining nuts were removed 
from the anchor bolts and ground motions were ran using this configuration. Using no nuts limited 
sliding movements of the cask giving insight into the pure rocking behavior of the cask. 
2.5.3 AC.43B-S (BIAX) 
After testing was completed using the 6DOF shake table, the same specimen was reassembled on 





their capacity. A total of 74 more ground motions were conducted on this specimen. A complete 
table of the conducted ground motions for the AC.43B-S experiment can be found in Appendix A.  
The first 50 ground motions were conducted using all 10 anchor bolts. Beginning with motion 51, 
five of the 10 anchor bolt nuts were removed and ground motions were ran using this 
configuration. After ground motion 70 all of the remaining nuts were removed from the anchor 
bolts and ground motions were ran using this configuration. Using no nuts limited sliding 
movements of the cask giving insight into the pure rocking behavior of the cask. 
2.5.4 AC.43B-C (BIAX) 
The third experiment was another anchored case, which used conventional anchor bolt instead 
of stretch length anchor bolts as in the previous two tests. The conventional anchors extend above 
the footing surface by 2”, and are embedded in the concrete 8”. A total of 44 ground motions 
were ran using the conventional bolts. A complete table of the conducted ground motions for the 
AC.43B-C experiment can be found in Appendix A. The first 38 motions were conducted using all 
ten anchor bolts, while the remaining six were conducted using only five of the ten anchors. 
Testing of this specimen using zero nuts was not conducted. 
2.5.5 FS.43 (6DOF) 
The fourth experiment conducted was a freestanding case, where the cask rests directly on the 
concrete footing. When testing of the anchored cases was complete, the bottom clamp was cut 
off of the cask. Mounting points for instruments were welded to the base of the overpack at its 
four corners. A smooth footing was fixed to the 6DOF table and the cask was placed in the center 
of the footing, then instruments were connected for testing to begin.  A total of 69 ground 
motions were ran during the course of testing and the table of them can be found in Appendix A. 





1,000 year return period was also used. Using a 1,000 year return period allowed many ground 
motions to be run without risk of exceeding the capacity of the table. 
2.5.6 FS.56 (6DOF) 
The fifth test conducted was a freestanding test on a squat cask with an aspect ratio of 0.56. 
Following the previous test, the cask with an aspect ratio of 0.43 was disassembled. The MPC was 
removed from the overpack and then placed within the squat overpack. All instrument cables 
from the MPC were threaded through the holes in the overpack lid, and the lid was secured into 
position. Minimal damage was observed on the footing surface, so the same footing was used 
again for this series of tests. After positioning the cask atop the footing, all instruments were 
connected to the data acquisition system. Figure 2.72 shows the Cask I prior to the start of testing. 
The baseplate for this overpack was slightly convex in shape, causing the cask not sit flush with 
the footing surface as seen in Fig. 2.73. This small gap made it possible to initiate rocking of the 
cask by only the force of a human pushing against the cask side. Therefore this cask would most 
likely exhibit greater rocking behavior than if the baseplate was flat.  A table of conducted ground 
motions for the FS.56 experiment can be found in Appendix A. 
2.5.7 FS.56 (Retest) (6DOF) 
Due to the defects on the baseplate (noted in section 2.5.6), it was determined that the 
experiment would be conducted another time using a flat baseplate. A circular 2” thick plate of 
steel was cut to the diameter of the cask. This plate was then placed on top of a flat steel plate 
resting on top of the footing to ensure the new baseplate was flat. The cask was then lowered 
into position above the new baseplate. The cask was then plumbed with steel shims so the 
baseplate was perpendicular to the casks vertical axis, as seen in Fig. 2.74. The baseplate was then 





S. A total of 79 ground motion time histories were conducted for this series of tests. A table 
containing these ground motions can be found in Appendix A. This was the last test conducted at 
a 2.5:1 scale. 
2.5.8 FS.39 (6DOF) 
Once testing of specimens with a scale of 2.5:1 was completed, the MPC was removed from the 
overpack. The Contact stresses from the MPC were found to be 24 psi, which is within 6% of the 
prototype contact stresses of 25.6 psi. Using the dimensions of the MPC, it was found that this 
specimen would have a scale of 3.5:1. The dimensions of the MPC gave it an aspect ratio of 0.39, 
which is similar to the aspect ratio of some of the most slender casks in the current United States 
inventory. This experiment lacks the interaction and banging that would occur between the MPC 
and the overpack during seismic events. The specimen can be seen prior to testing in Fig. 2.77. A 
table of conducted ground motions for the FS.39 experiment can be found in Appendix A. 
2.5.9 FS.62-S (6DOF) 
The final experiment conducted was on Cask I, when all of the mass and MPC were remove. This 
specimen had an aspect ratio of 0.62 at a 3.5:1 scale. This larger aspect ratio was selected to 
represent some of the squattest casks in the United States current commercial inventory. Sand 
and mass panels were removed from the overpack I. The removal of this mass increased the 
overpack’s aspect ratio from 0.56 to 0.62. This was beneficial as it allowed for testing of another 
aspect ratio, and the reduced weight allows the table to complete larger ground motions without 
risk of exceeding the table’s capacity. This test did not meet scaling and similitude requirements 
that were followed for all other tests. Figure 2.78 shows the specimen resting on the footing prior 
to the start of testing. A table of conducted ground motions for the FS.62 experiment can be found 






Data from the experiments was collected using a system of instruments which included strain 
gauges, accelerometers, and linear variable displacement transducers (LVDTs). LVDTs were used 
to measure displacements and rotations of the specimen during shake table testing. An aluminum 
frame was fabricated to hold LVDTs vertically to measure vertical displacements at the base of 
the cask. Two types of accelerometers were used for the experiments. 5g accelerometers with a 
sample rate of 256 Hz were used to record the accelerations of the overpack and MPC. 10,000g 
and 50g shock accelerometers with a sample rate of 10,000 Hz were used to record the impact 
accelerations. The high frequency sample rate ensured that all impact accelerations would be 
recorded during the experiments. Strain gauges recorded strains on components within the cask 
system. When testing anchored casks, strains were recorded on bolts and the chairs (vertical 
members) and seats (horizontal members) of the clamp. For freestanding casks strains were 
recorded at the base of the cask on the overpack outer shell. All specific instrument locations can 
be found in the following instrumentation drawings. Figures. 2.79 to 2.83 show the 
instrumentation configuration for test case AC-0.43-S.  Detailed instrumentation drawings for the 
AC-0.43-C test case can be seen in Figs. 2.84 through 2.88. Instrumentation drawings for test case 
FS-0.43-S can be seen in Figs. 2.89 through 2.94. Figures 2.95 to 2.100 depict the instrumentation 
drawings for FS-0.56-S test case. Instrumentation drawing for the FS-0.56-S (retest) can be seen 
in Figs. 2.101 to 2.106. Figures 2.107 through 2.113 show the instrumentation drawings for test 
case FS-0.39-S, while the instrumentation drawings for the FS-0.62-S test case can be found in 





2.7 Material Testing 
Anchor bolts, reinforcing bars, steel coupons from cask cylinders, and concrete cylinders were 
tested. Materials used in the fabrication of the specimens were checked to ensure that it was of 
sufficient strength and quality. The following section shows the test results for all materials used. 
2.7.1 Steel 
All steel specified for construction of the overpack and MPC was ASTM Grade A36 steel or better. 
All steel coupons were fabricated and tested according to ASTM E8/E8M standards [18]. Three 
steel coupons were fabricated from the same heat number as used in the overpack and MPC 
construction. They consisted of a 1.5’x1.5”, 0.5”x0.5”, and 0.25”x0.25” coupon. The coupons were 
found to have an average yield stress of 43.16 ksi and an average ultimate strength of 66.61 ksi. 
Figure 2.119 shows the stress-strain diagram for the three coupon tests. Figure 2.120 is a 
photograph of the failed coupons. 
2.7.2 Anchor Bolts 
A total of ten ASTM F1554 grade 36 bolt were used in the construction of each anchored footings. 
These bolts have a diameter of 0.75’ and were embedded into the footing a total of 8”. During 
shake table testing if was found that the stretch anchors performed as expected while the 
conventional anchors failed by dethreading of the anchor bolts. To be able to test for this in the 
material tests a testing fixture was designed to test for both thread or tension failure. 
2.7.2.1 16” Anchor Bolts (Stretch Length) 
For the stretch anchor case, 16” anchor bolts were used. This left 8” of bolt protruding above the 
concrete. Their threads were rolled and had an overall thread length of 6”. These bolts were an 





have an average yield and ultimate strength of 40.41 ksi and 57.87 ksi, respectively. Figure 2.121 
shows the stress-strain relationship for the 16” anchor bolts. These bolts failed in tension in the 
middle third of the bolts as expected. Figure 2.122 shows the failed 16” anchor bolts. 
2.7.2.2 8” Anchor Bolts (Conventional Length) 
For the conventional anchor case, 10” anchor bolts were used in the fabrication of the footings. 
They were embedded into the concrete footing to a depth of 8”, leaving 2” protruding above the 
concrete surface. Unlike the stretch anchors, these anchors were not a standard size and had to 
be custom fabricated. Instead of a rolled thread, these anchor bolts used a cut thread. The rod 
used to fabricate these is slightly larger than 0.75”, so that when the thread is cut it has the same 
thread dimensions as the off the shelf anchor bolts. Having the threads cut reduces the bolts 
diameter, making the weakest point of these anchor bolts at the threads. These bolts all failed at 
the threads as seen in Fig. 2.123. The 8” anchor bolts were found to have a yield stress of 47.59 
ksi which is 17.8% greater than the 16” bolt. Contrary to the yield stress, the ultimate stress was 
found to be 54.30 ksi which is 6.5% less than the ultimate stress of the 16” anchor bolts. Figure 
2.124 depicts the stress-strain relationship of the 8” anchor bolts. 
2.7.3 Reinforcing Bars 
All footings used in the experiment were constructed using reinforced concrete. All steel was 
ASTM A615 Grade 60. All bars used in fabrication of the footings were #5 bars. It was found that 
they had an average yield stress of 70.32 ksi and an average ultimate strength of 101.19 ksi. Figure 
2.125 shows the stress-strain relationship for the rebar that was tested, while Fig. 2.126 shows 






Concrete footings were cast in early December. Five thousand psi concrete was specified for the 
concrete strength. Prior to casting of footings a slump test was conducted for each truck of 
concrete. The average slump between the two trucks was 3.75”. Sample cylinders from both truck 
of concrete were cast following guidelines set forth by ASTM C31 [19]. Cylinder were tested for 
compressive strength at 7, 14, 28, and on test days to ensure adequate material properties. 
Cylinders were tested in accordance with guidelines found in ASTM C39 [20]. Figure 2.127 shows 






3  Experimental Results 
3.1 Introduction 
The following sections describe and compare the performance of casks of the same aspect ratio 
subjected to varying ground motions and changes to the test parameters. Due to the volume of 
data collected during testing, Table 3.1-Table 3.5 were created to assist in finding a suitable 
selection of ground motions to be used for discussion in this chapter. These tables depict the 
common ground motions that were run against each of the specimens. Using the North and South 
sides at the top and bottom of the specimens, all possible six degrees-of-freedom were able to be 
captured and computed. Accelerations and displacements for the overpack and MPC were 
plotted, presented, and discussed. Strains within the anchorage system including hysteresis loops 
are presented and discussed. Rotations were computed using displacement data and are 
discussed in the following sections. Also spectra of the table performance will be discussed in 
these sections. 
3.2 AC.43S-6 
This section presents the performance of an anchored cask with an aspect ratio of 0.43. This 
experiment was conducted using the 6DOF table at the Earthquake Engineering Laboratory at the 
University of Nevada, Reno. This specimen was anchored to the footing using ten ¾” stretch 
length bolts that were evenly spaced around the circumference of the cask and can be seen at the 
interface between the concrete footing and the specimen in Fig. 3.1. While testing, anchor bolts 
that became loose due to yielding of anchors. To ensure proper engagement of the anchorage 
device, all bolts were torqued to 25 foot pounds between ground motions. A total of 77 ground 





including peak ground accelerations, can be found in Appendix B. For this section three different 
experimental parameters will be discussed. The first experimental parameter to be discussed is 
changing the number of active bolts in the anchorage system. Scaling of far field ground motions 
and its resulting effect on the performance of DSCs is the second parameter to be discussed. The 
third parameter is the performance of DSCs with respect to scaling of near field ground motions. 
Table 3.6 and Table 3.7 contain all the absolute maximums for displacements, rotations, and 
accelerations for the motions discussed in the AC.43S-6 section. Figures in the following section 
also depict the maximum and minimum strains that were recorded during shake table 
experiments.  Figure 3.2 show the fundamental modes of vibration for this cask.  
3.2.1  AC.43S-6 – Variation of Active Anchors 
The initial test configuration consisted of a DSC with an aspect ratio of 0.43 that was anchored to 
the footing using ten ¾” F1554 Gr. 36 stretch length anchor bolts. During testing of the system 
using ten anchors, the capacity of table was exceeded four times. The largest motion completed 
with 10 anchors was 50% of Erzican at a 10,000-yr. return period. This ground motion had PGAs 
of 0.682 g, 0.730 g, 0.533 g for the X, Y, and Z directions respectively. These ground motions 
proved to be insufficient to significantly damage the system.  
Figure 3.3 shows maximum and minimum strains for anchor bolt number seven; where the x-axis 
represents the motion number. It can be seen that within the first 14 ground motions, which 
consisted of using all ten anchor bolts, the specimen saw very minimal amounts of damage.  
Yielding, only occurred at the interface where the anchors nut and washer meet the clamp. The 
maximum measured strain at this location was approximately 3000 microstrain. By removing nuts 
from the even numbered anchors, and the remaining anchors were able to be exercised to a 





Fig. 3.3. Starting with motion 24, the remaining nuts were removed from the anchor bolts. This 
allowed the specimen to rock freely, but inhibited it from sliding on the footing surface. Following 
is a comparison of the performance of these three cases anchored cases.The ground motion of 
interest is 100% of the original unscaled Chi-Chi ground motion for the 5 nut and 10 nut cases, for 
the 0 nut case the shake table was unable to complete a 100% of the original unscaled Chi-Chi 
ground motion, so 70% of the original unscaled Chi-Chi ground motion was used. Without the 
nuts to vertically constrain the specimen, the specimen experienced larger rotations and uplift at 
its base. Figure 3.4 shows a comparison of the table input accelerations and the resulting overpack 
and MPC accelerations for the y-direction. At the top of the specimen, MPC accelerations were 5 
to 6 times higher than that of the ground acceleration while the overpack experienced 
accelerations on the order of 2 to 3 times the ground acceleration. The peak accelerations of the 
MPC for the 0 nut, 5 nuts and 10 nuts were 1.905 g’s, 2.196 g’s, and 2.437 g’s respectively. The 
absolute maximum accelerations experienced by the overpack were 0.823 g’s for the 0 nut case, 
1.215 g’s for the 5 nut case and 1.019 g’s for the ten nut case. Figure 3.5 depicts the accelerations 
for the three orthogonal components at the base of the specimen, just above the clamp. These 
accelerations follow the same pattern, but the peak values are generally higher with an increase 
in the number of active anchors. Accelerations at the top of the cask are generally higher with an 
increase in the number of active anchors as can be seen in Fig. 3.6. When no anchor nuts are used 
the anchors act as dowels in the system. These dowels inhibit the cask from moving horizontally 
at the base, but allow the specimen to uplift at the base. Uplifting at the base has two adverse 
effects. The first being it initiates a rocking behavior that could lead to tip over as seen in Fig. 3.7. 
The displacements for the north top corner can be seen in Fig. 3.8. Second, small amounts of uplift 





accelerations in Figs. 3.4 and 3.5. It should be noted that for the test cases of interest for this 
comparison, the maximum top displacement of the specimen never displaced outside the 
footprint of the anchorage system, also referred to as the clamp. As the number of active anchors 
increases, so does the overall stiffness of the system. This increase in stiffness results in higher 
accelerations on the MPC, which results in higher accelerations on the spent fuel assemblies. 
When the system is softer (i.e. less active anchors) the MPC and overpack are more likely to move 
in phase with each other which results in less pounding between the overpack and the MPC. As 
the stiffness increases the pounding increases which results in larger MPC accelerations as 
indicated by the increase in MPC accelerations when the number of active anchors is increased. 
3.2.2 AC.43S-6 – Effects of Far Field Ground Motion (FFGM) Scaling 
The next comparison to be made is the effects that scaling of the far field original ground motion. 
The ground acceleration history used for this comparison is the original Chi-Chi ground motion 
scaled at 50%, 100% and 150%. For these cases only five active anchors were used to compare 
the performance of the specimen while still adequately exercising the anchors. Scaling was 
accomplished using the controller software for the shake table system. The PGAs for the y-
direction were 0.243 g’s, 0.442 g’s, and 0.633 g’s for the 50%, 100% and 150%, respectively. Figure 
3.9 shows the accelerations of the top south side of the overpack. The peak accelerations were 
1.258 g’s, 1.625 g’s, and 0.499 g’s for the X, Y, and Z directions respectively. Due to the rigidity of 
the anchors, the high accelerations experienced at the top of the overpack result in small 
displacements as can be seen in Fig. 3.10. The maximum displacement seen for any direction was 
0.455 in and found in the Y-direction. Energy dissipation due to these small displacements and 
high accelerations is minimal in the overpack. The remaining energy is transferred to the MPC. 





displacements for the Y-direction. Displacements of the MPC are constrained by the overpack 
inner shell causing impacts between the MPC and the overpack. Figure 3.12 give a comparison of 
the accelerations experienced by the MPC at its top, middle and bottom for the three test cases. 
For small ground motions, like 50% Chi-Chi, similar accelerations at the bottom and middle of the 
cask imply that the MPC is moving as one unit, sliding about its base. Higher accelerations at the 
top imply that the MPC slightly rocks within the overpack causing the MPC to impact the overpack. 
The bottom of the MPC is slightly more constrained, due to the friction forces, than the top of the 
MPC causing most of the pounding interaction to occur at the top of the MPC. For higher level 
ground motions differences in the accelerations between the bottom and the middle show that 
the MPC is rocking within the overpack shell. Using the least squares method, an equation for the 
expected accelerations at the top of the MPC with respect to the ground acceleration was 
determined as seen in Fig. 3.13 and in EQN 3.1. 
Acceleration = 31.07 ∗ − 17.07 ∗ + 3.669   (3.1) 
These show that the resulting specimen accelerations do not scale proportionally. For a 100% 
ground motion, the PGA was 0.442 g, which resulted in an MPC acceleration of 2.1 g, an increase 
of 475%. For a 150% ground motion the PGA was 0.63 g, which produced a MPC acceleration of 
5.2 g, an increase of 821%. 
3.2.3 AC.43S-6 – Effects of Near Field Ground Motion (NFGM) Scaling 
The final comparison of this section is related to the effects that scaling of a near field ground 
motion has on the performance of an anchored cask with an aspect ratio of 0.43. The ground 
acceleration time history used for this comparison is the original Erzican ground motion scaled to 





of the specimen. Figure 3.14 depict the acceleration histories for the top north corner of specimen 
AC.43S-6 for both the 50% and 100% cases. A 150% scaled original Erzican ground motion was 
conducted, but the capacity of the shake table was exceeded during the experiment. For the 100% 
case the maximum accelerations measured at the top of the overpack were 1.267 g’s in the x-
direction, 0.749 g’s in the y direction, and 0.515 g’s in the z-direction. Similar to the far field 
scaling, these accelerations due not scale at the same rate as the ground motions scale.  Due to 
the anchorage systems ability to limit vertical and horizontal displacements, the maximum 
displacement at the top north corner of the cask was 0.285” in the x-direction, as seen in Fig. 3.15. 
Displacements of this specimen due to near field ground motions was limited to within the 
footprint of the clamp. Figures 3.16 - 3.18 show a comparison of accelerations at different 
elevations within the MPC, for the x, y, and z directions respectively. In Figure 3.16 it can be seen 
that the MPC is rocking in the x-direction, due to the increases in accelerations at the three 
different elevations, as seen in Fig. 3.16. In the y-direction it appears that the cask is 
predominately sliding due to the similar acceleration amplitude between the bottom and middle 
accelerations as seen in Fig. 3.17. For the vertical direction the highest accelerations are 
experienced at the middle of the MPC, visualized in Fig. 3.18. Horizontal accelerations 
experienced by the spent nuclear fuel are highest at the top of the MPC, while the highest vertical 
accelerations felt by the spent nuclear fuel are in the center of the fuels assemblies. 
3.2.4 AC.43S-6 – Conclusions 
This section covered three analyses for an anchored cask with an aspect ratio of 0.43 under 6DOF 
ground motion excitation. The first portions compared results with relation to the stiffness of the 
anchorage device. This was accomplished by reducing the number of active anchors from ten to 





so due the accelerations experienced by the spent nuclear fuel assemblies. Using an anchorage 
system with no vertical restraints results in the lowest accelerations experienced by the MPC. This 
system also constrains the cask from displacements in the horizontal directions; limiting the 
possibility of sliding into other casks. The second portion of the section discussed the effects that 
scaling of the original Chi-Chi ground motion has on the performance of the specimen. 
Accelerations felt by the spent nuclear fuel does not scale linearly as the ground motion does, but 
rather scales exponentially with increases in PGA, as seen in Fig. 3.4. The third portion discussed 
the scaling effect of near field ground motions on the performance of the specimen. It was shown 
that the resulting accelerations of the specimen do not scale at the same rate as the ground 
motion. Also it was shown that horizontal accelerations exerted on the fuel assemblies are always 
highest at the top of the MPC (Figures 3.16 and 3.17), but the largest vertical accelerations felt by 
the spent nuclear fuel is at the center of the MPC, seen in Fig. 3.18. 
3.3 AC.43S-B 
This section discusses the performance of an anchored cask with an aspect ratio of 0.43. These 
test were conducted using one of the three biaxial shake tables at the Earthquake Engineering 
Laboratory at the University of Nevada, Reno. This specimen was anchored to the footing using 
ten ¾” stretch length bolts that were evenly spaced around the circumference of the cask. A total 
of 70 ground motions were ran on this specimen. A table containing details for each of the ground 
motions, including peak ground accelerations, can be found in Appendix B. AC.43-B was a retest 
of the AC.43-6 case using a biaxial shake table. Retesting was conducted due to the minimal 
amount damage to the system that occurred during the previous test. The biaxial shake table’s 
higher capacities allowed the anchorage system to be tested to failure. This section discusses 





FFGMs. Table 3.8 and Table 3.9 contain all the absolute maximums for displacements, rotations, 
and accelerations for the motions discussed in the AC.43S-B section. Figure 3.19 depicts the 
AC.43-B specimen secured to the biaxial shake table, prior to instrumentation and testing. The 
fundamental mode of vibration had a period of 0.1739 seconds prior to testing of this system, this 
period is the same as the final period found after the AC.43S-6 test case. After testing of this 
specimen the fundamental period of the system lengthened to 0.1818 seconds. While testing 
anchor bolts that became loose due to yielding of anchors. To ensure proper engagement of the 
anchorage device all bolts were torqued to 25 foot pounds between ground motions. 
3.3.1 AC.43S-B – Effects of Far Field Ground Motion (FFGM) Scaling 
The performance of the cask subjected to FFGMs of varying return periods is the main subject of 
this subsection. The Chi-Chi earthquake was used to examine the FFGM effects on cask 
performance. A 30,000-year, 10,000-year, and an original ground motion, scaled to 150% of the 
original and spectrally matched values, were used for this analysis. The peak ground accelerations 
for the x and y components are: 0.438 g’s and 0.564 g’s for the original ground motion, 0.963 g’s 
and 0.844 g’s for the 10,000-year spectrally matched ground motion, and 1.341 g’s and 1.409 g’s 
for the spectrally matched 30,000-year ground motion. Figure 3.21 show the maximum and 
minimum strains that occurred during testing of AC.43S-B cases. Figure 3.21 depicts the strain 
profile of the anchorage system for location one in the anchorage system. As can be seen in Fig. 
3.21, the strains stayed below the yield limit of approximately 1200 microstrain for the original 
ground motions, meaning that no damage occurred to the anchorage device of anchors 
themselves. For 10,000-year event yielding of the anchor bolt occurred above the concrete 
footing surface, while no yielding occurred in any other portion of the anchorage device. Yielding 





rod, both above and below the concrete footing surface for the 30,000-year event. The following 
hysteresis figures are all based on strains developed during the 30,000-year Chi-Chi ground 
motions. Figure 3.22 show the hysteresis loop for the section of the anchor bolt above the 
concrete surface. Two distinct loops can be seen in Fig. 3.22, the first loop has strains centered 
about 16,000 microstrain while the second loop is centered about 23,600 microstrain. These large 
strain values are due to the accumulation of stresses experienced by the bolts during numerous 
ground motion runs.  The difference of approximately 7,600 microstrain in these two loops is due 
to the inelastic yielding that occurred during the ground motion. During testing no anchor bolts 
failed due to rupture or pullout, however minor spalling and cracks were observed near the 
anchor bolts in the footing surface as can be seen in Fig. 3.23. Extensive yielding occurred at the 
nut/washer and anchorage device interface as can be seen in Fig. 3.24 and in the hysteresis loop 
for the strain gauge located near the seat can be found in Fig. 3.25. Figure 3.26 shows the 
extension of the anchor bolt and yielding of the seat after a ground motion and prior to re-
torqueing. The anchorage system using stretch length bolts and a cask with an aspect ratio of 0.43 
exhibited acceptable performance for FFGMs. The anchorage device restrains the cask from 
horizontal displacements, while the stretch length anchor bolts allow for ductility within the 
system. As with the 6DOF cases previously discussed, the MPC experiences an amplification of 
acceleration much greater than the PGA of the ground motion as seen in Fig. 3.27. 
3.3.2 AC.43S-B – Effects of Near Field Ground Motion (NFGM) Scaling 
This subsection will discuss the performance of the cask subjected to NFGMs of varying return 
periods. The Erzican earthquake was selected to evaluate the NFGM performance. A 30,000-year, 
10,000-year, and an original ground motion, scaled to 150% of the original and spectrally matched 





are: 0.747 g’s and 0.619 g’s for the original ground motion, 1.569 g’s and 1.478 g’s for the 10,000-
year spectrally matched ground motion, and 2.101 g’s and 2.099 g’s for the spectrally matched 
30,000-year ground motion. Figure 3.28 shows the strains experienced at one location of the 
anchorage device. It can be seen that for NFGMs that the strain accumulated is much lower than 
the FFGM cases. This is due to the fact that NFGMs generally consist of one large pulse followed 
by small vibrations, where a FFGM consists of multiple pulses in a series. The hysteresis loops in 
Figure 3.29 shows how the anchor bolt above the concrete surface experienced three distinct 
yielding events during the 30,000-year NFGM. Yielding of the anchors during ground motions 
allow the cask to experience uplift near the stretched anchor. Uplift in turn causes a rocking 
behavior within the system as can be seen in Fig. 3.30. Increases in the return period result in 
larger rocking angles, resulting in pounding between the MPC and overpack. The amplification of 
the acceleration for the x-direction is much less for the NFGM cases than for the FFGMs. Figure 
3.31 shows that the differences in accelerations at the top of the overpack and the top of the MPC 
are much closer than the accelerations shown in Fig. 3.27. For an input acceleration of 
approximately 1.5 g’s, the MPC experienced approximately 9.0 g’s of acceleration at its top. This 
is the highest MPC acceleration that was measured during testing, and occurred during the 150% 
of the 10,000-year spectrally matched ground motion and was recorded in the y-direction, as seen 
in Fig. 3.32. This high acceleration is due to the pounding interaction that occurs between the 
MPC and the overpack. When the MPC and overpack are moving out of phase from each other, 
high impact accelerations occur. This out of phase movement can be seen in the acceleration time 





3.3.3 AC.43S-B – Conclusions 
This section discussed the performance of a cask with an aspect ratio of 0.43. Two comparisons 
were made for this specimen. The first pertains to the effects of scaling of FFGMs. It was found 
that for the original ground motions that minimal to no yielding or damage was observed in the 
system. For the 10,000-year and 30,000-year events the system experienced inelastic 
deformations within the anchorage device and the stretch length anchors. The second portion of 
this section discussed the effects of NFGM scaling.  Similar results were found in the NFGMs as in 
the case with FFGMs. For original events, minimal to no damage was observed in the anchorage 
device or stretch length anchors. For 10,000-year and 30,000-year events, the anchorage device 
and stretch length anchors experienced inelastic deformations in the anchorage device and 
stretch length anchors. For all 70 ground motions runs conducted, no yielding was measured 
within the vertical stiffeners (chairs) of the anchorage device, while extensive yielding was 
observed at the washer/nut and anchorage device interface. In addition to the previously 
mentioned damage, inelastic stretching of the stretch length anchor bolts was measure. Even with 
extensive damage to portions of the anchorage device, the system never experienced tip over or 
rupture failure at any location. The anchorage device, using stretch length anchors, minimized 
horizontal displacements of the cask while also restraining the cask from vertical uplift. This 
restraint comes at the cost of higher MPC accelerations. 
3.4 AC.43S-B 
This section discusses the performance of an anchored cask with an aspect ratio of 0.43. Due to 
limitations of the 6DOF shake table, testing of this specimen was conducted using one of the three 
biaxial shake tables at the Earthquake Engineering Laboratory at the University of Nevada, Reno.  





evenly spaced around the circumference of the cask. The conventional length bolts were 
embedded into the concrete 8 inches with 2 inches of thread extending above the concrete 
surface. A total of 44 ground motions were run on this specimen. A table containing details for 
each of the ground motions, including peak ground accelerations, can be found in Appendix A. 
This section discusses casks performance with respect to the lengthening of the return period for 
both NFGMs and FFGMs, while using conventional length anchors. Absolute maximums for 
displacements, rotations, and accelerations for the motions can be seen in Table 3.10 and Table 
3.11, and strains can be found in Fig. 3.36. Figure 3.34 shows the AC.43C-B test specimen prior to 
testing. The fundamental mode of vibration for this specimen was found to be 0.0597 seconds 
and 0.0625 seconds in the x and y directions, respectively. The conventional anchors are less 
ductile than the stretch anchors, which results in shorter fundamental modes of vibration with 
respect to the stretch anchor cases. After the completion of testing the specimen was found to 
have a fundamental period of 0.2222 seconds and 0.2667 seconds in the x and y directions, 
respectively. While testing anchor bolts that became loose due to yielding of anchors. To ensure 
proper engagement of the anchorage device all bolts were torqued to 25 foot pounds between 
ground motions. Eventually damage that occurred to the threads during testing inhibited the 
ability for the re-torqueing to take place. 
3.4.1 AC.43C-B – Effects of Far Field Ground Motion (FFGM) Scaling 
The performance of casks subjected to FFGMs of varying return periods is the main subject of this 
subsection. The Chi-Chi earthquake was used to examine the FFGM effects on cask performance. 
A 30,000-year, 10,000-year, and an original ground motion, scaled to 150% of the original and 
spectrally matched values, were used for this analysis. The peak ground accelerations for the x 





g’s for the 10,000-year spectrally matched ground motion, and 1.470 g’s and 1.206 g’s for the 
spectrally matched 30,000-year ground motion. Figure 3.35 highlights the maximum and 
minimum strains that were measured during the course of testing for anchor bolt number 10. It 
can be seen that prior to approximately the fifteenth motion, the anchorage system stayed within 
the 1200 microstrain yield limit of the material properties. As the PGAs began to get larger the 
system experienced inelastic strains. Strains from each component of the anchorage device at 
bolt #10 can be seen in Fig. 3.36. These strains show many peaks throughout the ground motion. 
The successive pulses of a FFGM combined with conventional anchor length causes the anchorage 
device to develop these successive high peaks of strain in the anchorage system. Figure 3.37 
shows the hysteresis loop for anchor bolt #10 at the nut/washer and anchorage device interface, 
subjected to a 30,000-year FFGM. Residual strains of approximately 2,100 microstrain were 
measured prior to this ground motion, while the maximum strain value recorded for this anchor 
was 7,200 microstrain. After completion of the 30,000-year FFGM a residual strain of 4,100 
microstrain was recorded, which is greater than the yield strain, but much less than the ultimate 
strain of the anchorage device. As the return period lengthens the rocking angles of the cask also 
increase as seen in Fig. 3.38. Increases in the rocking angle play a major factor in the amplification 
of the accelerations and forces experienced by the spent nuclear fuel assemblies. This can be seen 
in the comparison found in Fig. 3.39. For the FFGM cases MPC accelerations are 5 to 7 times the 
peak ground acceleration. A comparison of convention and stretch anchor performance can be 
found in the experimental analysis chapter. 
3.4.2 AC.43C-B – Effects of Near Field Ground Motion (NFGM) Scaling 
This subsection will discuss the performance of casks subjected to NFGMs of varying return 





NFGM performance. A 30,000-year, 10,000-year, and an original ground motion, scaled to 150% 
of the original and spectrally matched values, were used for this analysis. The peak ground 
accelerations for the x and y components are: 0.741 g’s and 0.679 g’s for the original ground 
motion, 1.605 g’s and 1.994 g’s for the 10,000-year spectrally matched ground motion, and 2.116 
g’s and 2.163 g’s for the spectrally matched 30,000-year ground motion. Figure 3.40 depicts the 
strain hysteresis loop for the nut/washer and anchorage device interface. The maximum strain 
recorded at this location was 13,100 microstrain. This value is well above the yield limit of 1,200 
microstrain, but well below the measured ultimate strain of 35,000 microstrain. By the time the 
30,000-year NFGM was conducted extensive damage to the anchors was visible, as seen in Fig. 
3.41. Figure 3.42 shows the bending that was experienced by an anchor prior to the previously 
mentioned ground motion. This bending was seen in 4 of 10 anchor bolts. After completion of the 
30,000-year ground motion the nut/washer and anchorage device interface failed at two locations 
which allowed that anchorage device to separate from the footing. Figure 3.43 shows how for 
NFGMs, the MPC appears to move in-phase with the overpack, while Fig. 3.44 shows that for the 
y-direction, and the same motions the MPC moves out-of-phase with the overpack which causes 
high MPC accelerations. 
3.4.3 AC.43C-B – Conclusions 
This section discussed the performance of a cask with an aspect ratio of 0.43. Two comparisons 
were made for this specimen. The first pertains to the effects of scaling of FFGMs. It was shown 
that the system met performance expectations by limiting cask base displacements. This 
restraining of the cask produces high accelerations felt by the MPC and spent nuclear fuel. The 
second subsection discusses the effects of NFGM scaling. This showed the system met the 





device during a NFGM. The first failure mode for this system was when the anchor, nut and washer 
pulled through the anchor seat. This allowed for the cask to uplift and possibly not return back 
down on the anchor. The second mode of failure was de-threading of the anchor bolts. The bolts 
used for this were custom ordered and consisted of cut threads. The cut threads fail within the 
threaded section, which is less predictable than rolled threads where the failure occurs in the non-
threaded region of the anchor as seen in Fig. 3.41. The final failure mode for the conventional 
anchor was the flexural bending of the anchor itself, as seen in Fig. 3.42. The failure modes seen 
for conventional anchors were not seen for the stretch length anchors. Although inelastic 
deformations were recorded within the anchorage device none were seen within the cask 
specimen, and this holds for all anchored test cases. 
3.5 FS.39 
This section discusses the performance of a freestanding cask with an aspect ratio of 0.39. Analysis 
were completed and found that the MPC used in other tests could accurately meet scaling and 
similitude requirements for a slender cask with an aspect ratio of 0.39 and at a scale of 1/3.5. This 
specimen was chosen to represents the most slender cask in the current commercially inventory. 
By using the MPC as the overall specimen, these test lack the interaction between the MPC and 
overpack that was seen in other tests. Even when lacking this interaction, this series of tests gives 
critical information about the performance of the most slender casks that are commercially 
available. A total of 48 ground motions were ran on this specimen using the 6DOF shake table at 
the Earthquake Engineering Laboratory at the University of Nevada, Reno. A table containing 
details for each of the ground motions, including peak ground accelerations, can be found in 
Appendix B. Table 3.12 and Table 3.13 contain all the absolute maximums for accelerations, 





modes of vibration are 0.148 seconds, 0.174 seconds, and 0.040 seconds for the x, y, and z 
directions respectively. Figure 3.45 show the specimen resting on the 6DOF shake table prior to 
experimental testing. 
3.5.1 FS.39 – Variation of Excitation Directions 
This subsection discusses the effects of variation of excitation direction on the performance of a 
cask with an aspect ratio of 0.39. For this study an X-direction, XY-direction, XZ-direction, and XYZ-
direction ground motion will be compared. All motions are Chi-Chi FFGMs with a return period of 
10,000 years and scaled to 75% of the spectrally matched ground motion. The PGAs for these 
motions can be found in Table 3.14. It can be seen that the Z-direction accelerations are much 
higher than any other directions accelerations. This is due to the fact that the 6DOF shake table is 
influenced by the response of the cask. When rocking is initiated the base of the cask experiences 
uplift from the footing. When the cask returns to the footing it causes large vertical impact 
accelerations. Figure 3.46 depicts the rocking and rotation angles for this comparison. The largest 
rocking angle measured for the X-direction was 0.073 radians and occurred during the X-only 
ground motion. The largest rocking angle measured for the Y-direction was 0.068 radians and 
occurred during the XY ground motion. The largest rotation about the vertical axis of the cask was 
0.324 radians and was measured for an X-only ground motion. Another observation is that when 
vertical excitation is included it appears that the cask performs better with respect to rocking 
angles and displacements for these motions. Figure 3.47 show the base displacements for the 
bottom north corner of the cask. It can be seen that the XZ-direction motions have, on average, 
smaller residual displacements than all other excitation directions used in this comparison. It can 
be seen in Fig. 3.48 that the X and XY ground motions result in the largest vertical displacements 





displacements. A comparison of ground accelerations to cask accelerations can be seen in Fig. 
3.49. These accelerations show that amplification of the ground motion acceleration is seen in the 
cask. Although this phase of the experiment lacked the MPC interaction, the MPC would most 
likely experience accelerations twice as large as the accelerations at the top of the overpack. It 
can also be observed that for any combination of excitation directions the cask exhibited 
movements in all six degrees of freedom. 
3.5.2 FS.39 – 30,000-Year Far Field Ground Motion (FFGM) 
The subject of this subsection is the performance of a cask with an aspect ratio of 0.39 being 
subjected to a 30,000-year FFGM, scaled to 50%. The peak ground accelerations for this motion 
were 0.571 g’s, 0.845 g’s, and 1.695 g’s for the X, Y, and Z directions respectively. The maximum 
accelerations experienced at the bottom north corner of the cask measured 0.991 g’s, 0.777 g’s, 
and 2.401 g’s for the X, Y, and Z directions respectively. At the top of the specimen the maximum 
accelerations recorded were 1.925 g’s, 1.505 g’s, and 2.251 g’s for the X, Y, and Z directions 
respectively. The acceleration histories can be found in Figs. 3.50 and 3.51 for the bottom and top 
of the specimen, respectively. Figure 3.52 shows the displacement time histories for the bottom 
north corner of the cask. At the base of the specimen the maximum displacements were 1.742 
inches for the X-direction, 1.847 inches for the Y-direction, and 0.835 inches for the Z-direction. 
The top of the cask saw displacements of 2.856 inches, 2.818 inches, and 0.835 inches for the X, 
Y, and Z directions respectively. Figure 3.53 shows these displacement time histories for the top 
north corner of the cask. The specimen’s north corner final position was 1.067 inches in the X-
direction, -0.164 inches in the Y-direction. The cask came to rest 0.005 inches higher in the vertical 
direction than it had started at, due to the concrete footings surface waviness. The maximum 





radians for the Y rocking angle, and 0.104 radians for the Z rotation. Figure 3.54 depicts these 
rotational time histories. Both the X rocking angle and Y rocking angle return to a vertical 
orientation, but the rotation about the vertical axis came to rest with a residual rotation of  -0.093 
radians. 
3.5.3 FS.39 – 30,000-Year Near Field Ground Motion (NFGM) 
The subject of this subsection is the performance of a cask with an aspect ratio of 0.39 being 
subjected to a 30,000-year NFGM, scaled to 50%. The peak ground accelerations for this motion 
were 0.879 g’s, 1.208 g’s, and 1.103 g’s for the X, Y, and Z directions respectively. The maximum 
accelerations experienced at the north corner base of the cask measured 1.717 g’s, 1.741 g’s, and 
1.296 g’s for the X, Y, and Z directions respectively. At the top of the specimen the maximum 
accelerations recorded were 1.499 g’s, 0.879 g’s, and 1.258 g’s for the X, Y, and Z directions 
respectively. Acceleration histories can be found in Figs. 3.55 and 3.56 for the bottom and top of 
the specimen, respectively. Figure 3.57 shows the displacement time histories for the bottom 
north corner of the cask. At the base of the specimen the maximum displacements were 2.841 
inches for the X-direction, 0.592 inches for the Y-direction, and 0.507 inches for the Z-direction. 
The top of the cask saw displacements of 3.709 inches, 1.968 inches, and 0.507 inches for the X, 
Y, and Z directions respectively. Figure 3.58 shows these displacement time histories for the top 
north corner of the cask. The specimen’s north corner final position was 2.811 inches in the X-
direction, 0.353 inches in the Y-direction. The cask came to rest 0.001 inches higher in the vertical 
direction than it had started at, due to the concrete footings surface waviness. The maximum 
rocking angles/rotations experienced by the cask were 0.030 radians for the X rocking angle, 0.021 
radians for the Y rocking angle, and 0.237 radians for the Z rotation. Figure 3.59 depicts these 





orientation, but the rotation about the vertical axis came to rest with a residual rotation of  -0.236 
radians. 
3.5.4 FS.39 – Sinusoidal Ground Motion 
The subject of this subsection is the performance of a cask with an aspect ratio of 0.39 being 
subjected to a sinusoidal motion with an amplitude of 0.3 g’s and a frequency of 1.5 Hz. These 
values were scaled down from the original motion by 50% and conducted in the X-direction only. 
The maximum accelerations measured at the northern corner base of the overpack for this motion 
were 1.050 g’s, 0.506 g’s, and 4.234 g’s for the X, Y, and Z directions respectively. Figure 3.60 
depicts the acceleration time histories for these motions. The top of the overpack had measured 
accelerations of 2.412 g’s in the X-direction, 3.0623 g’s in the Y-direction, and 5.126 g’s in the Z-
direction. Figure 3.61 shows the acceleration time histories for the top of the overpack when 
subjected to this sinusoidal ground motion. It can also be seen in the previous two figures that 
the overpack goes out-of-phase with the table at approximately 13.25 seconds into the ground 
motion. At this point the overpack vertically impacts the table, causing high accelerations 
throughout the specimen. The ground motion stopped approximately two seconds later, but the 
cask continued to rock for an additional seven seconds. The maximum displacement at the 
northern corner base of the cask were 1.577 inches, 0.352 inches, and 1.650 inches for the X, Y, 
and Z directions respectively. Figure 3.62 show the displacement time histories for the northern 
bottom corner of the cask. The top of the cask rocked to a maximum displacement of 8.073 inches 
in the X-direction, 3.292 inches in the Y-direction, and 1.650 inches in the Z-direction. The 
northern corner came to rest at a final position of -1.469 inches, 0.037 inches for the X and Y 
directions. The maximum rocking angle seen in the X-direction was 0.124 radians, while the 





the vertical axis was 0.123 radians, and the cask had a residual rotation about the cask vertical 
axis of 0.117 radians. 
3.5.5 FS.39 – Conclusions 
This section covered the experimental results for a cask that has an aspect ratio 0.39. This 
specimen’s scale was 1/3.5. Although the series of experiments lacked the interaction of the 
overpack and MPC, it provided insight into the performance of the most slender casks currently 
commercially available. When comparing different directions of excitation it was found that the 
X and XY directions produced the largest displacements. When including the vertical component 
of the ground acceleration, it appears that the cask performs better than without the vertical 
component, but this is just for this motion. Also, it was seen the cask responds to ground motions 
in all six degrees of freedom, whether the excitation direction is uniaxial, biaxial, or triaxial. Results 
from the 30,000-year FFGM show the cask experienced a maximum horizontal acceleration at the 
top of 1.925 g’s in the X-direction, along with a residual displacement of 1.067 inches for the same 
direction. For NFGMs the maximum horizontal acceleration was 1.499 g’s, and was measured in 
the X-direction. The residual displacement for this motion was 2.811 inches in the X-direction. 
Analysis of the sine motion showed that for a relatively small PGA very high accelerations can be 
seen. This was due to the fact that the cask went out-of-phase with respect to the ground motion 
causing the cask to impact the footing. The ground motion ended two seconds after this moment, 
but the cask violently rocked back and forth for an additional seven seconds. This rocking occurred 
mainly in the X-direction, where the cask was bouncing back and forth between the east and west 
corners.  Generally other tests resulted in rocking in both the X and Y directions. When rocking 







This section discusses the performance of a freestanding cask with an aspect ratio of 0.43. This 
specimen is the same one that was used for testing the anchored cases, and was the first 
freestanding specimen tested. The scale of this specimen was 1/2.5.  This specimen approximately 
represents the lower aspect ratio/more slender half of commercially available DSCs.  A total of 69 
ground motions were run on this specimen using the 6DOF shake table at the Earthquake 
Engineering Laboratory at the University of Nevada, Reno. A table containing details for each of 
the ground motions, including peak ground accelerations, can be found in Appendix B. Table 3.15 
and Table 3.16 show absolute maximums for accelerations, displacements and rotations for the 
motions discussed in this section. The fundamental modes of vibration for this specimen were 
0.143 seconds, 0.160 seconds, and 0.125 seconds for the x, y, and z directions respectively. 
3.6.1 FS.43 – Far Field Ground Motion (FFGM) 
This subsection discusses the performance of a cask with an aspect ratio of 0.43 that was 
subjected to FFGMs with increasing return periods. The Chi-Chi ground motion was used for this 
comparison. In addition to the original ground motion, spectrally matched 1,000-year, 10,000-
year, and 30,000-year return period ground motions were used. All these motions were scaled to 
50% except for the 30,000-year event which was scaled to 40%, due to table limitations. Table 
3.17 shows the PGAs for each of the ground motions. Table 3.18 shows the maximum 
accelerations that were recorded at the top north corner of the specimen. Figure 3.65 depicts a 
comparison of X-direction accelerations at different elevations within the system. It can be seen 
that there is small differences in the MPC accelerations for this direction for the Original, 10,000-
year, and 30,000-year events, while the 1,000-year event experienced a maximum acceleration 





did not follow this same trend. The maximum MPC acceleration experienced for all return periods, 
was for the 10,000-year event, as seen in Fig. 3.66. This large acceleration is due to the out-of-
phase movements, which cause the MPC and overpack to impact each other. Even though the 
largest MPC acceleration occurred for the 10,000-year event, the largest displacements measured 
for any of these motions was for the 30,000-year event. The 30,000-year event had a maximum 
absolute displacement of 0.222 inches at the bottom north corner for the X-direction, 0.055 
inches in the Y-direction, and 0.296 inches for the Z-direction. The cask came to rest at the end of 
this 30,000-year ground motion with displacements of 0.195 inches and 0.051 inches for the X 
and Y directions, respectively. For the vertical displacements the cask returned back to a 
perpendicular position relative to the footing. These displacement time histories can be seen in 
Fig. 3.67. During the 30,000-year ground motion the cask experienced an absolute maximum 
rocking angle of 0.006 radians for the X-direction, 0.017 radians for the Y-direction, and 0.009 
radians for the Z-direction; time histories of these rocking angles and rotations can be seen in Fig. 
3.68. 
3.6.2 FS.43 – Near Field Ground Motion (NFGM) 
This subsection discusses the performance of a cask with an aspect ratio of 0.43 that was 
subjected to two San Fernando Pacoima Dam (SFPD) original ground motions. The first motion 
was scaled to 25% and the second motion was scaled to 50%. The PGAs for the 25% SFPD ground 
motion were 0.428 g’s, 0.336 g’s, and 0.266 g’s for the X, Y, and Z directions, respectively. The 
PGAs for the 50% SFPD ground motion were 0.879 g’s for the X-direction, 0.940 g’s for the Y-
direction, and 1.881 g’s for the Z-direction. Figure 3.69 shows a comparison of the X-direction 
accelerations for this analysis. It can be seen for the 50% ground motion that the overpack 





that the MPC experienced higher accelerations than the overpack for the Y-direction. Figure 3.71 
shows the displacement time histories for these two ground motions. It can be seen that the 25% 
motion produced very little displacements and resulted in residual displacements of 0.020 inches 
for the X-direction and 0.005 inches for the Y-direction. The maximum displacement measured at 
the bottom north corner of the cask for the X-direction was 0.362 inches, with a residual 
displacement of 0.275 inches at the end of the ground motion. The maximum displacement 
measured at the bottom north corner of the cask for the Y-direction was 0.167 inches, with a 
residual displacement of 0.068 inches at the end of the ground motion. Figure 3.72 illustrates the 
rotational time histories of the cask subjected to NFGMs. The largest rotation angle was found in 
the Y-direction and had a value of 0.017 radians and corresponded to the 50% ground motion. 
3.6.3 FS.43 – Sinusoidal Motion 
This subsection discusses the performance of a cask with an aspect ratio of 0.43 that was 
subjected to an ascending sine motion. The sinusoidal motion was ascending in amplitude every 
five cycles, from 0.12 g’s to 0.32 g’s at a frequency of 5 Hz. These values were a 40% scaled with 
regards to the sinusoidal motion described in chapter two. Figure 3.73 shows the acceleration 
time histories for the top south corner of the overpack. The maximum accelerations measured at 
this location were 1.399 g’s for the X-direction, 0.766 g’s for the Y-direction, and 0.874 g’s for the 
Z-direction. Accelerations time histories for the top corner on the south side of the MPC can be 
seen in Fig. 3.74. The maximums recorded for this location were 4.034 g’s, 3.917 g’s, and 1.587 
g’s for the X, Y, and Z directions, respectively.  The rapid changes in the accelerations seen in Figs. 
3.73 and 3.74 indicate that the cask was rocking at a high frequency during this ground motion. 
Figure 3.75 gives a comparison of the table input acceleration and the peak recorded 





was 47.5% greater than the table input acceleration The MPC experienced an acceleration that 
was approximately ~560% greater than the table acceleration and ~380% greater than the 
overpack’s acceleration. The absolute maximum displacement experienced at the bottom south 
corner of this specimen was 0.941 inches, 0.577 inches, and 0.086 inches for the X, Y, and Z 
directions, respectively. These displacements can be seen in the displacement time histories 
found in Fig. 3.76. This corner came to rest at a final position of 0.083 inches for the X-direction 
and 0.566 inches for the Y-direction; similar observations can be made for the north corner of the 
specimen. Much of these displacements are a result of the rotation about the vertical axis of the 
cask. Figure 3.77 shows the displacement time histories for the center of the base of the cask. The 
absolute maximum displacement experienced at the center of the base of this specimen were 
0.204 inches, 0.004 inches, and 0.044 inches for the X, Y, and Z directions, respectively. The 
specimen’s center of base came to rest at -0.177 inches in the X-direction and 0.004 inches in the 
Y-direction. This show that the edges of the specimen generally travel greater distances, due to 
the rotation about the vertical axis of the cask, than the center of the cask travels. Figure 3.78 
depicts the rotational time histories for the cask subjected to the sinusoidal motion. The 
maximum rocking angle experienced for any horizontal direction was 0.007 radians, and was 
experienced in the Y-direction. 
3.6.4 FS.43 – Conclusions 
This section discussed the performance of a cask with an aspect ratio of 0.43; being subjected to 
an ascending sinusoidal ground motion. The first subsection discussed how the cask performed 
when subjected to an FFGM. It was shown that the specimen sees larger displacements due to 
the increase in return period, but accelerations at the top of the MPC were largest for a 10,000-





specimen was subjected to a NFGM the displacements were smaller than that of the FFGMs. Also 
a sinusoidal motion was conducted. Using this motion, a comparison of displacements was made 
showing that rotations about the vertical axis of the cask tend to cause larger displacements at 
the edges of the cask than at the center. It also showed that for low level and harmonic ground 
motions the specimen can still see a large amplification of accelerations experienced by the MPC. 
3.7 FS.56 
This section discusses the performance of a freestanding cask with an aspect ratio of 0.56. This 
specimen approximately represents the higher aspect ratio/more squat half of commercially 
available DSCs. The scale of this specimen was 1/2.5.  A total of 58 ground motions were run on 
this specimen using the 6DOF shake table at the Earthquake Engineering Laboratory at the 
University of Nevada, Reno. Figure 3.79 is a photograph of the FS.56 test specimen prior to 
experimental testing. A table containing details for each of the ground motions, including peak 
ground accelerations, can be found in Appendix B. Table 3.19 and Table 3.20 show absolute 
maximums for accelerations, displacements and rotations for the motions discussed in this 
section. Prior to testing if was observed that the base of the cask had a slight convex/bowl like 
shape. Figure 3.80 depicts the largest measured gap that was present at the base of the cask prior 
to testing.  The convex bottom of the cask allowed for rocking to be initiated when the cask was 
pushed on by a human. Testing was still conducted although it may over predict the rocking 
behavior of this aspect ratio of a specimen. The fundamental modes of vibration for this specimen 
were 0.121 seconds, 0.125 seconds, and 0.083 seconds for the x, y, and z directions respectively. 
3.7.1 FS.56 – Far Field Ground Motion (FFGM) 
This subsection discuss the performance of a cask with an aspect ratio of 0.56 subjected to a 





period Chi-Chi ground motion. The absolute maximum PGAs produce by the shake table for this 
motion were 0.402 g’s, 0.391 g’s, and 0.696 g’s for the X, Y, and Z directions, respectively. At the 
top north corner of the specimen the absolute maximum accelerations measured were 1.057 g’s 
for the X-direction, 0.976 g’s for the Y-direction, and 0.628 g’s for the Z-direction. Figure 3.81 
shows these acceleration time histories for the top north corner of the cask. Figure 3.82 shows a 
comparison of the table, overpack, and MPC accelerations. The MPC experienced accelerations 
that were ~800% greater than the PGA. For the Y-direction this amplification was only ~400%, half 
of that experienced in the X-direction. The maximum displacement measured at the top of the 
specimen was 0.529 inches for the X-direction, 1.222 inches for the Y-direction, and 0.536 inches 
for the Z-direction as seen in Fig. 3.83. Figure 3.84 shows the rotational time histories for this 
specimen on the northern edge of the specimen. The maximum rocking angles measured were 
0.005 radians, 0.015 radians, and 0.010 radians for the X, Y, and Z directions, respectively. 
3.7.2 FS.56 – Near Field Ground Motion (NFGM) 
This subsection discuss the performance of a cask with an aspect ratio of 0.56 subjected to a 
NFGM. The motion chosen to represent the NFGM was a spectrally matched 1,000-year return 
period San Fernando Pacoima Dam ground motion. This ground motion was spectrally matched 
using near field parameters and scaled to a value of 80%. The absolute maximum PGAs produce 
by the shake table for this motion were 0.312 g’s, 0.393 g’s, and 0.735 g’s for the X, Y, and Z 
directions, respectively. Figure 3.85 shows these acceleration time histories for the top north 
corner of the cask; the absolute maximum accelerations measured were 1.196 g’s for the X-
direction, 0.721 g’s for the Y-direction, and 0.754 g’s for the Z-direction. Figure 3.86 shows a 
comparison of the table, overpack, and MPC accelerations. The MPC experienced accelerations 





MPC and overpack were moving in-phase with each other for the X-direction due to their similar 
peak acceleration values. For the Y-direction this amplification of acceleration to the MPC was 
~350%. The maximum displacement measured at the top of the specimen was 0.378 inches for 
the X-direction, 0.881 inches for the Y-direction, and 0.324 inches for the Z-direction as seen in 
Fig. 3.87. Figure 3.88 shows the rotational time histories for this specimen on the northern edge 
of the specimen. The maximum rocking angles measured were 0.005 radians, 0.010 radians, and 
0.001 radians for the X, Y, and Z directions, respectively. 
3.7.3 FS.56 – Original San Fernando Pacoima Dam Ground Motion 
This subsection discuss the performance of a cask with an aspect ratio of 0.56 subjected to an 
original ground motion. The ground motion used for this analysis was the San Fernando Pacoima 
Dam ground motion. This ground motion was scaled to a value of 25%. The absolute maximum 
PGAs produce by the shake table for this motion were 0.443 g’s, 0.340 g’s, and 0.438 g’s for the 
X, Y, and Z directions, respectively. Figure 3.89 shows the acceleration time histories for the 
northern top corner of the cask. The absolute maximum acceleration values measured at this 
location were 0.743 g’s, 0.397 g’s, and 0.291 g’s for the X, Y, and Z directions, respectively. A 
comparison of the table, overpack, and MPC accelerations can be seen in Figs. 3.90 and 3.91, for 
the X and Y directions, respectively. For the X-direction the overpack and MPC moved in-phase 
with each other, and the overpack had an amplification in acceleration of ~70% over the PGA.  For 
this direction the overpack had a higher acceleration than the MPC. For the Y-direction the 
overpack and MPC moved out-of-phase with each other, and the overpack had an amplification 
in acceleration of ~17% over the PGA, while the MPC experienced an acceleration amplification 
of ~350%. The maximum displacement measured at the top of the specimen was 0.389 inches for 





Fig. 3.92. Figure 3.93 shows the rotational time histories for this specimen on the northern edge 
of the specimen. The maximum rocking angles measured were 0.004 radians, 0.007 radians, and 
0.002 radians for the X, Y, and Z directions, respectively. 
3.7.4 FS.56 – Conclusions 
This section covered the performance of a cask with an aspect ratio of 0.56. The first subsection 
discussed the performance of this specimen when subjected to a 1,000-year return period FFGM. 
It was seen that the maximum acceleration measured for the MPC was 3.306 g’s and was found 
in the X-direction. This was ~800% greater than the PGA, while for the Y-direction the 
amplification of the ground acceleration was ~400%. The second subsection discussed the 
performance of the same specimen when subjected to a NFGM. The maximum MPC acceleration 
that was measured for this ground motion was 1.671 g’s and was measured on the south top 
corner of the MPC. For the NFGM the amplification in the MPC acceleration was ~350% to 400% 
greater than the PGA. The final subsection discuss how well this specimen performed when 
subjected to an original ground motion time history. The maximum MPC acceleration that was 
measured for this ground motion was 1.180 g’s and was measured at the north top corner of the 
MPC. For the original ground motion the MPC experienced an acceleration amplification of 
~350%. 
3.8 FS.56r 
This section discusses the performance of a freestanding cask with an aspect ratio of 0.56. This 
specimen approximately represents the higher aspect ratio/more squat half of commercially 
available DSCs.  The scale of this specimen was 1/2.5.  A total of 79 ground motions were run on 
this specimen using the 6DOF shake table at the Earthquake Engineering Laboratory at the 





peak ground accelerations, can be found in Appendix B, while Table 3.21 and Table 3.22 show 
absolute maximums for accelerations, displacements and rotations for the motions discussed in 
this section. Figure 3.94 is a photograph of the FS.56 test specimen prior to experimental testing. 
This setup is a retest of the experiment mentioned in the previous section. Due to the convex 
nature of the baseplate, it was decide to have a new baseplate fabricated and attached to the 
bottom of the specimen. This baseplate was placed on a flat and level surface. The cask was then 
place directly above this new baseplate and shimmed into position, as seen in Fig. 3.95. After 
completion of plumbing up the specimen, it was welded into position as seen in Fig. 3.96. Great 
caution was taken to ensure that welding would not distort the new baseplate. Stitch welds were 
completed around the entire base to ensure composite action between the cask and new 
baseplate. After welding was completed the base plate sat flush with the footing and was unable 
to be rocked by a human. The fundamental modes of vibration for this specimen were 0.143 
seconds, 0.100 seconds, and 0.108 seconds for the x, y, and z directions respectively. 
3.8.1 FS.56r – Far Field Ground Motion (FFGM) 
This subsection discuss the performance of the retested cask with an aspect ratio of 0.56 
subjected to a FFGM. The motion chosen to represent the FFGM was a spectrally matched 1,000-
year return period Chi-Chi ground motion. The absolute maximum ground accelerations produce 
by the shake table were 0.359 for the X-direction, 0.458 for the Y-direction, and 0.410 for the Z-
direction. This ground accelerations produced peak accelerations at the top of the cask of 0.720 
g’s, 1.355 g’s, and 0.454 g’s for the X, Y, and Z directions, respectively. Figure 3.98 shows a 
comparison of the table acceleration, top overpack acceleration, and top MPC acceleration for 
the X-direction. It can be seen that the MPC experienced accelerations ~1,000% greater than the 





were 1.376 inches, 1.074 inches, and 0.092 inches for the X, Y, and Z directions, respectively. The 
base of the cask saw the maximum displacements of 0.020 inches in the X-direction, 0.022 in the 
Y-direction, and 0.092 for the Z-direction. The differences between the displacements at the 
bottom and top of the overpack cause the rocking angles and rotations found in Fig. 3.100. The 
maximum rocking angle measured in the X-direction was 0.017 radians, the Y-direction had a 
maximum of 0.013 radians, and the Z-direction had a maximum rotation of 0.001 radians. 
3.8.2 FS.56r – Near Field Ground Motion (FFGM) 
This subsection discuss the performance of a cask with an aspect ratio of 0.56 subjected to a 
NFGM. The motion chosen to represent the FFGM was a spectrally matched 1,000-year return 
period San Fernando Pacoima Dam ground motion. This ground motion was spectrally matched 
using near field parameters and scaled to a value of 80%. The absolute maximum PGAs produce 
by the shake table for this motion were 0.254 g’s, 0.375 g’s, and 0.521 g’s for the X, Y, and Z 
directions, respectively. Figure 3.101 depicts the acceleration time histories for the top north 
corner of the cask. The maximum accelerations measured at this location were 0.614 g’s, 0.977 
g’s, and 0.554 g’s for the X, Y, and Z directions, respectively. Figure 3.102 shows a comparison of 
the table, overpack, and MPC accelerations. For the X-direction, the maximum acceleration 
measured at the top of the MPC was 2.890 g’s for the north corner; this is an amplification of 
~1,100% of the PGA. This amplification is due to the out-of-phase movement that occur between 
the MPC and overpack, indicated by the large differences in the acceleration of the MPC and 
overpack at the top north corner.  At the top of the FS.56r cask the maximum displacements 
measured were 0.7126 inches, 0.672 inches, and 0.055 inches for the X, Y, and Z directions, 





maximum rotations measure for this ground motion were 0.001 radians for the X-direction, 0.001 
radians for the Y-direction, and 0.0007 radians for the Z-direction. 
3.8.3 FS.56r – Original San Fernando Pacoima Dam Ground Motion (FFGM) 
This subsection discuss the performance of a cask with an aspect ratio of 0.56 subjected to a 
NFGM. The ground motion used for this analysis was the San Fernando Pacoima Dam ground 
motion. This ground motion was scaled to a value of 25%. The absolute maximum PGAs produce 
by the shake table for this motion were 0.435 g’s, 0.345 g’s, and 0.276 g’s for the X, Y, and Z 
directions, respectively. Figure 3.105 shows the acceleration time histories for the northern top 
corner of the cask. The absolute maximum acceleration values measured at this location were 
0.628 g’s, 0.680 g’s, and 0.304 g’s for the X, Y, and Z directions, respectively. A comparison of the 
table, overpack, and MPC accelerations for the X-direction can be seen in Fig. 3.106. The MPC’s 
measured acceleration was ~200% greater than the ground acceleration. For the Y-direction, the 
MPC’s acceleration was amplified by ~350% as seen in Fig. 3.107. Figures 3.108 and 3.109 show 
the displacement time histories for the north and south corners of the cask, respectively. The cask 
has small displacement at the north corner, and larger displacements at the south corner, 
implying that the specimen was generally rotating about the northern bottom corner of the 
specimen. The maximum displacement measured at the top south corner of the specimen were 
1.343 inches for the X-direction, 0.717 inches for the Y-direction, and 0.041 inches for the Z-
direction. Figure 3.110 shows the rotational time histories for this specimen on the southern edge 
of the specimen. The maximum rocking angles measured were 0.016 radians, 0.008 radians, and 





3.8.4 FS.56r – Conclusions 
This section covered the performance of the retested cask with an aspect ratio of 0.56. The first 
subsection discussed the performance of this specimen when subjected to a 1,000-year return 
period FFGM. The MPC in this ground motion experienced accelerations ~1,000% greater than 
the accelerations produced at the ground level and saw a maximum displacement at the top of 
1.376 inches. The second subsection discussed the performance of the same specimen when 
subjected to a NFGM. The maximum MPC acceleration that was measured for this ground motion 
was 2.890 g’s, which is an amplification of ~1,100% of the PGA. At the top of the cask the 
maximum displacements measured were 0.7126 inches and was found in the X-direction. The 
final subsection discuss how well this specimen performed when subjected to an original ground 
motion time history. The maximum MPC acceleration that was measured for this ground motion 
was 1.184 g’s and was measured at the south top corner of the MPC. For the original ground 
motion the MPC experienced an acceleration amplification of ~350%. It was also seen that the 
overpack was pivoting about the north corner of the specimen during the ground motion. A 
comparison of FS.56 and FS.56r can be found in the experimental analysis section of this report. 
3.9 FS.62 
The final section of this chapter discusses the performance of a cask with an aspect ratio of 0.62. 
This cask represents the upper bound of the aspect ratio of commercially available casks. This 
specimen was a modification made the FS.56/FS.56r specimens. Analysis was completed and it 
found that if the additional mass and MPC were removed from the FS.56/FS.56r specimen, 
another test could be completed at a higher aspect ratio. The scale of this specimen was 1/3.5.   
This series of tests does not meet scaling or similitude requirements with regards to mass, contact 





center of gravity vs. radius. Figure 3.111 show the FS.62 specimen resting on the 6DOF shake table 
after the completion of testing. A total of 49 ground motions were ran on this specimen using the 
6DOF shake table at the Earthquake Engineering Laboratory at the University of Nevada, Reno. A 
table containing details for each of the ground motions, including peak ground accelerations, can 
be found in Appendix B. Table 3.23 and Table 3.24 show the absolute maximums for accelerations, 
displacements, and rotations for the FS.62 motions discussed in this section. The fundamental 
modes of vibration for this specimen were 0.063 seconds, 0.063 seconds, and 0.069 seconds for 
the x, y, and z directions respectively. 
3.9.1 FS.62 – Far Field Ground Motion (FFGM) 
This subsection discuss the performance of the retested cask with an aspect ratio of 0.62 
subjected to a FFGM. Three motions were used for the analysis of this section; the first being an 
original Chi-Chi ground motion, the second was the same Chi-Chi ground motion spectrally 
matched to a 10,000-year return period, and the third motion was the Chi-Chi ground motion 
spectrally matched to a 30,000-year return period. Table 3.25 shows the PGAs for each of these 
ground motions. Figure 3.112 shows the acceleration time histories for the top north corner of 
the cask. The maximum acceleration measured for the X-direction for the three ground motions 
was 3.710 g’s and occurred for the 30,000-year event. The maximum acceleration measured for 
the Y-direction for the three ground motions was 4.248 g’s and occurred for the 10,000-year 
event. The maximum acceleration measured for the Z-direction for the three ground motions was 
9.143 g’s and occurred for the 10,000-year event. The cask experienced amplification of ground 
motion accelerations on the order of ~240%, ~240%, and ~340% for the original, 10,000-year, and 
30,000-year return period events for the X-direction. Figure 3.113 depicts the amplification of 





for the top north corner of the cask. It can be seen that for the X-direction, the largest 
displacement measured was 10.54 inches and occurred during the 10,000-year event. For the Y-
direction, the largest displacement recorded was 4.954 inches and also occurred for the 10,000-
year event. 2.007 was the largest vertical displacement measured at the base of the cask and 
occurred during the 10,000-year event. The largest X-direction rocking angle recorded was 0.039 
radians and was measured during the 30,000-year event. The maximum Y-direction rocking angle 
recorded was 0.077 radians and was measured during the 10,000-year event. In the Z-direction, 
the maximum rotation about the cask’s vertical axis recorded was 0.234 radians. Although the 
largest PGAs were found in the 30,000-year event, the cask experienced larger displacements for 
the 10,000-year event. 
3.9.2 FS.62 – Near Field Ground Motion (NFGM) 
This subsection discuss the performance of the retested cask with an aspect ratio of 0.62 
subjected to a NFGM. Three motions were used for the analysis of this section; the first being an 
original Erzican ground motion, the second was the same Erzican ground motion spectrally 
matched to a 10,000-year return period, and the third motion was the Erzican ground motion 
spectrally matched to a 30,000-year return period. Table 3.26 shows the PGAs for the motions of 
interest for this section, while Table 3.27 shows the absolute maximum accelerations measured 
at the top north corner of the cask’s overpack. Figure 3.116 depicts the acceleration time histories 
for this northern top corner of the specimen. The top of the specimen saw an amplification of 
acceleration in the X-direction of ~380%, ~380%, and ~330% for the original, 10,000-year, and 
30,000-year events, respectively. This comparison of accelerations for each ground motion can be 
seen in Fig. 3.117. The absolute maximum displacements found were 3.695 inches, 4.475 inches, 





during a 30,000-year event. Displacement time histories for the northern top corner of the 
specimen can be seen in Figure 3.118. The largest rocking angle recorded in the X-direction was 
found for the original ground motion and had an angle of 0.018 radians. A maximum rocking angle 
of 0.073 radians was found for the Y-direction and occurred for the 30,000-year event. The 
maximum rotation measured about the cask’s vertical axis was 0.087 radians and was found for 
the 10,000-year event. 
3.9.3 FS.62 – Sinusoidal Motion 
This subsection discuss the performance of a cask with an aspect ratio of 0.62 subjected to two 
sinusoidal ground motions with a frequency of 1.5 Hz. The amplitude of the first motion was 0.27 
g’s and corresponded to a scale of 45% of the original sinusoidal ground motion. The amplitude 
of the second motion was 0.39 g’s and corresponded to a scale of 65% of the original sinusoidal 
ground motion. Figure 3.120 shows the acceleration time histories for the top northern corner of 
the cask. The maximum accelerations recorded for 45% sinusoidal motion at this location were 
1.016 g’s, 0.877 g’s, and 0.638 g’s for the X, Y, and Z directions, respectively. For the 65% sinusoidal 
ground motion, the maximum accelerations recorded were 2.754 g’s for the X-direction, 2.157 g’s 
for the Y-direction, and 3.941 g’s for the Z-direction. Acceleration time histories for the top north 
corner can be seen in Fig. 3.120. The top north corner of the cask experienced an amplification in 
accelerations in the X-direction of ~245% for the 45% sinusoidal motion and ~345% for the 65% 
sinusoidal ground motion, as seen in Fig. 3.121. The maximum displacements measured at the 
top north corner of the specimen were 2.997 inches, 1.545 inches, and 0.335 inches for the X, Y, 
and Z directions, respectively. These maximum displacements occurred during the 65% sinusoidal 
ground motion. Figure 3.122 shows the displacement time histories for the northern top corner 





rotational time histories for the northern edge of the specimen. In the X-direction the maximum 
rocking angle was found to be 0.021 radians, while 0.034 radians was recorded in the Y-direction 
and 0.114 radians of rotation for the Z-direction. 
3.9.4 FS.62 – Hector Mine 
The subsection discusses the performance of a cask with an aspect ratio of 0.62 subjected to the 
Hector Mine ground motion. This ground motion was spectrally matched to a 30,000-year return 
period. This motions of interest for this subsection were scaled to 50% and 75% of the spectrally 
matched values mentioned above, but the time step was not adjusted for the scale factor due to 
an error in the submission of the motion. The absolute maximum PGAs for these motions were 
0.645 g’s in the X-direction, 0.802 g’s in the Y-direction, and 1.852 g’s in the Z-direction for the 
50% ground motion. The 75% ground motion had PGAs of 0.736 g’s, 0.942 g’s, and 1.759 g’s for 
the X, Y, and Z directions, respectively. The 75% ground motion was not completed due to its 
erratic response and shake table safety precautions. The 75% ground motion was the last 
experiment that was conducted for all casks. During this ground motion the cask had its most 
violent/erratic response and ended up damaging approximately 13 data acquisition sensors. The 
main reason for this was the extremely large rotations experienced about the vertical axis of the 
cask, which pulled the strings out of the string potentiometers. Figure 3.124 shows the 
acceleration time histories for the northern top corner of the cask. The maximum accelerations 
measured at the top of the specimen were 3.984 g’s, 6.003 g’s for the X and Y directions, 
respectively. These accelerations occurred during the 50% ground motion while the largest 
vertical acceleration was 4.825 g’s and was recorded during the 75% ground motion. It would be 
expected that if the motion was completed that the cask would have experienced higher 





amplification in acceleration from the ground to the top of the cask; for the 50% ground motion, 
an amplification of ~615% was observed, while for the 75% motion an amplification of ~300% was 
recorded. For the 75% ground motion the cask travel from -14.62 inches to 24.24 inches, for the 
X-direction. For the 50% ground motion the cask traveled from 2.327 inches to -7.493 inches in 
the Y-direction. For the Z-direction, the cask experienced an uplift at the base of 4.886 inches for 
the 75% ground motion and 1.79 inches for the 50% ground motion. The 75% ground motions 
uplift could be larger because the sensor exceeded its maximum reading. Figure 3.126 show the 
displacement time histories for these two ground motions. Figure 3.127 shows the rotational time 
histories for the two ground motions. It can be seen that the 75% event had much larger rotations 
than the 50% ground motion. Although the sensors were destroyed video analysis of the motion 
showed that the cask rotated approximately 3.75 radians about its vertical axis. 
3.9.5 FS.62 – Conclusions 
This section covered the performance of the retested cask with an aspect ratio of 0.62. The first 
subsection discussed the performance of this specimen when subjected to Chi-Chi ground 
motions of increasing return periods. It was seen that although the largest PGAs were for the 
30,000-year return period event, much of the maximum recorded accelerations and 
displacements occurred for a 10,000-year ground motion. It was shown the cask experienced 
amplification of ground motion accelerations on the order of ~240%, ~240%, and ~340% for the 
original, 10,000-year, and 30,000-year return period events for the X-direction. The second 
subsection discussed the performance of the same cask when subjected to NFGMs. For this 
analysis the specimen saw an amplification of acceleration in the X-direction of ~380%, ~380%, 
and ~330% for the original, 10,000-year, and 30,000-year events, respectively. The third 





motion.  The top north corner of the cask experienced an amplification in accelerations in the X-
direction of ~245% for the 45% sinusoidal ground motion and ~345% for the 65% sinusoidal 
ground motion. The final subsection discussed the performance of this specimen subjected to 
30,000-year Hector mine ground motions. During these ground motions the cask exhibited very 
erratic performance during the 75% motion. For the 50% ground motion, an amplification over 
the PGA of ~615% was observed, while for the 75% motion an amplification of ~300% was 







4 Repeatability Analysis 
4.1 Introduction 
Repeatability of cask response is the primary focus of this chapter. LS-DYNA models, conducted 
at the University of Nevada, Reno, showed that the system is highly sensitive to the initial 
conditions [21]. Small changes in the initial position, location of center of gravity, and friction 
coefficients cause drastically different responses in the model. Figures 4.1 and 4.2 show how a 1-
inch shift in the initial position of the specimen in the LS-DYNA model causes different responses 
in the rocking angle of the cask for the X and Y directions, respectively [21]. This was seen in the 
previous chapter; cask responses can vary and ground motions with larger PGAs and/or longer 
return periods may not always produce the most drastic responses.  Numerous runs of the same 
ground motion were conducted to study sensitivity. Over the course of experimental program, 
the same ground motions were repeated. For most cases, the specimen was not re-centered after 
each ground motion, starting of subsequent ground motions were conducted with the specimen 
resting at its final position from the previous run, similar to the changes made in the LS-DYNA 
model. Also the cask footing was used for all of the experiments, so friction coefficients for the 
surface may have changed with additional motions. These small differences in the initial 
conditions produced different responses for repeated ground motions. The following sections will 
show the repeatability performance of freestanding casks of different aspect ratios.  
4.2 FS.39 
This cask was the most slender cask tested and had an aspect ratio of 0.39 and a scale of 1/3.5. It 
represents the most slender aspect ratio of commercially available DSCs. The ground motion used 





to 75% of its spectrally matched values. Four cases were investigated for this section: X-direction, 
XY-direction, XZ-direction, and XYZ-direction.  
4.2.1 X-Direction 
This subsection covers the 0.39 aspect ratio cask being subjected to an X-direction excitation. 
Three repeated runs were used for this analysis. The first parameter to be discussed is the shake 
table’s performance during repeated ground motions. Figure 4.3 shows the acceleration spectra 
produced by the shake table for all three orthogonal components. It can be seen that the spectra 
for the X-direction have very similar content, and all experimental runs exceed the target spectra. 
For the Y-direction and the Z-direction there are no target spectra. Spectra for these directions 
results from the shake table trying to resist the response of the cask. It can also be seen in Fig. 4.3 
that for the Y and Z directions the cask experienced much higher spectra content during run 3 
than any of the other runs. Figure 4.4 shows the shake table acceleration histories; for the X-
direction the accelerations were very similar and follow the same trends. The X-direction had 
similar PGAs of 0.604 g’s, 0.587 g’s, and 0.603 g’s for Run 3, Run 2, and Run 1 respectively. The Y-
direction had PGAs of 0.883 g’s, 0.286 g’s, and 0.256 g’s for Run 3, Run 2, and Run 1 respectively. 
Figure 4.4 shows that for the Y-direction the table produced much higher accelerations for run 3 
than the other two runs. Although the excitation accelerations for the X-direction were similar, 
the accelerations at the top of the cask varied significantly, as seen in Fig. 4.5. This indicates that 
the cask is responding differently to the motion for each run. The displacement time histories at 
the base of the cask also show the differences in the casks response. Figure 4.6 shows these 
displacement histories for the bottom’s north, south, and center points, as well as the cask top 
north and south corner. Figure 4.6 shows that Run 1’s response produced the smallest 





the largest displacements of any of the three runs. Table 4.1 shows a comparison of the maximum, 
minimum, and final displacements for the bottom north corner of the cask that vary substantially. 
Figure 4.7 shows the vertical displacements measured at the base of the cask for the north, center, 
and south corners.  The harmonics seen in the vertical displacement histories was due to the cask 
riding on the outer edge of the overpack and moving with a rocking/precession/nutation type 
motion.  Each consecutive peak represents a full cycle of the overpack rocking/rotating about it 
circumference. As the rocking angle increased the time between these peaks also increased. The 
rocking angles for these motions can be seen in Fig. 4.8. The larger displacements seen for Run 3 
were the cause for the differences in the spectra and the table accelerations for the Y and Z 
directions. When the cask responded to the input ground motion it reacts against the footing that 
is attached to the shake table. To accommodate for these reactions, the shake table adjusted to 
best achieve the referenced ground motion time histories. For this case the table was referenced 
to move only in the X-direction, but the cask’s response produced forces in the Y-direction that 
the shake table was required to resist. The shake table used accelerations to resist these forces 
while also trying to best replicate the referenced ground motion. The similarities in the input 
motion and resulting differences in the cask’s accelerations, displacements, and rotations show 
that for this magnitude of X-direction ground motion and a cask with an aspect ratio of 0.39 the 
results are not repeatable.  
4.2.2 XY-Direction 
This subsection covers the 0.39 aspect ratio cask being subjected to an XY-direction excitation. 
Two repeated runs were used for this analysis. Figure 4.9 shows the acceleration spectra 
produced by the shake table for all three orthogonal components. It can be seen that the spectra 





spectra. Due to this being an XY-direction ground motion there is no target spectra for the Z-
direction. Figure 4.10 shows the shake table acceleration histories, for the X and Y directions the 
accelerations are very similar and follow the same trends. For the Z-direction the acceleration 
time history of the shake table show peaks occurring at different times for each of the ground 
motion runs as a result of the cask impacting the footing during its response. The marker on the 
figure shows that at 15.32 seconds the shake table experienced a peak acceleration at the same 
time as the cask experienced a peak acceleration as seen in Fig. 4.11, which shows the acceleration 
histories for the top north corner of the cask.  This figure also shows that the accelerations vary 
from each other at the top of the cask. Figure 4.12 shows the displacement histories for the 
bottom’s north, south, and center points, as well as the cask top north and south corner. It can 
be seen that the displacements vary at all locations. Table 4.2 shows a comparison of the 
maximum, minimum, and final horizontal displacements for the bottom north corner of the cask 
that vary substantially.  Figure 4.13 further illustrates the differences in the response of the cask 
by showing the differences in the vertical displacements at the north, south and center points of 
the cask. The rocking angles recorded during these ground motions also show inconsistencies in 
the response of the cask, as seen in Fig. 4.14. The consistencies found in the input parameters of 
the ground motion and the inconsistencies measured in the cask response show that a cask with 
an aspect ratio of 0.39 and this level of XY-direction ground motion lacks repeatability.  
4.2.3 XZ-Direction 
This subsection covers the 0.39 aspect ratio cask being subjected to an XZ-direction excitation. 
Two repeated runs were used for this analysis. Figure 4.15 shows the acceleration spectra 
produced by the shake table for all three orthogonal components. It can be seen that the spectra 





All experimental runs exceeded the target spectra except for the Y-direction which had no target 
spectra due to the ground motion only having X and Z components. Figure 4.16 shows the shake 
table acceleration histories. It can be seen that the shake table accelerations varied slightly for all 
three components. For the X-direction there was a 0.023 second difference between the start 
times of Run 1 and Run 2, but the histories follow the same trends. The Y and Z components of 
the acceleration histories also experienced this lag but the histories varied significantly due to the 
response of the cask. The accelerations at the north top corner of the cask can be seen in Fig. 
4.17. This figure shows that the acceleration histories at the top of the overpack started to follow 
the same trend but diverge as the large pulses of the ground motion began to propagate. This 
divergence can be further seen by the differences in displacement values in the horizontal 
displacement histories found in Fig. 4.18. Table 4.3 summarizes the minimum, maximum, and final 
displacement values for the north bottom corner for this cask subjected to an X and Z direction 
ground motion. These differences in the horizontal displacements show the cask was responding 
differently to each iteration of the ground motion. Further evidence of this can be seen in the 
vertical displacement histories seen in Fig. 4.19. The vertical displacements did not follow the 
same trends for the two repeated cases. Figure 4.20 shows how the rocking angles produced by 
the vertical displacements at the base of the cask differ significantly. It was shown that for a cask 
with an aspect ratio of 0.39 and subjected to a 75% 10,000-year far field ground motion lacks 
repeatability. This lack of repeatability could be amplified by the inconsistencies found in the Y 
and Z components of the table acceleration histories.  
4.2.4 XYZ-Direction 
This subsection covers the 0.39 aspect ratio cask being subjected to an XYZ-direction excitation. 





seen in Fig. 4.21. Of the four comparisons discussed in this section, the XYZ ground motion had 
the largest differences in the spectra. Figure 4.22 shows the shake table’s acceleration histories 
for the three orthogonal components. The figure shows that for the X and Y directions the shake 
table produced similar trends, but there was a difference in the start time for these motions 
causing them to not line up. As with the previous cases, the Z-direction acceleration histories show 
the largest discrepancies of the three excitation directions. Figure 4.23 shows the acceleration 
histories for the north top corner of the cask. It can be seen that the accelerations have little 
correlation to one another and show a lack of repeatability. The horizontal and vertical 
displacements shown in Figs. 4.24 and 4.25 also show that the cask did not produce the same 
results for repeated cases. Table 4.4 show the minimum, maximum, and final displacements for 
this analysis, and the lack of repeatability. The rocking and rotation angles produced by these 
displacements can be seen in Fig. 4.26. It can be seen that at the beginning of the ground motion 
the cask exhibits similar trends, but with successive pulses of the ground motion the cask diverged 
from similar trends and showed inconsistencies. The inconsistencies in the specimen response 
and the similarities found in the input parameters show that for this level of ground motion the 
cask exhibited non-repeatable behavior.  
4.3 FS.43 
This cask was a slender cask and had an aspect ratio of 0.43 and a scale of 1/2.5. It represents the 
average aspect ratio for the slender half of commercially available DSCs. The ground motion used 
for this analysis was a 1,000-year return period, spectrally matched Chi-Chi ground motion scaled 
to 100% of its spectrally matched values. Two cases were investigated for this section, an XY-






This subsection covers the 0.43 aspect ratio cask being subjected to an XY-direction excitation. 
Three repeated runs were used for this analysis. Figure 4.27 depicts the small variations in the 
spectral content that was produced by the shake table. The table always exceeded the target 
spectra for the short period and high frequency content, and converges to the target spectra for 
longer periods and lower frequency content. This characteristic has been observed for all ground 
motions and all experimental cases. Figure 4.28 depicts the similarities between the acceleration 
histories produced by the shake table. The X-direction had PGAs of 0.327 g’s, 0.348 g’s, and 0.388 
g’s. The Y-directions PGAs for the three runs were 0.392 g’s, 0.366 g’s, and 0.353 g’s. These PGAs 
and time histories are similar and show that the table was producing three nearly identical ground 
motions for the three individual runs. depicts the acceleration histories for the top north corner 
of the cask. There are small differences in amplitudes of accelerations, but the histories follow the 
same trends. The horizontal displacement histories for the bottom north, center, and south points 
on the cask, as well as the top north and south points can be seen in Fig. 4.30. It can be seen that 
the displacements do not trace exactly over each other, but they do follow the same trends. The 
vertical displacements at the bottom of the cask seen in Fig. 4.31 show that the displacements 
are very similar with only minor differences in amplitudes. The resulting rocking and rotation 
angles can be seen in Fig. 4.32. For the X and Y directions, the time histories show the cask 
followed the same trends and had consistent amplitudes. For the Z-direction, the rotation about 
the vertical axis of the cask followed the same trends with minor differences in the amplitudes. 
These differences in rotations about the vertical axis of the cask caused the differences in 
displacements seen in Fig. 4.30. This is why each individual run does not exactly line up with the 





cask with an aspect ratio of 0.43 subjected to 100% of a 1,000-year return period event Far Field 
Group Motion (FFGM).  
4.3.2 XYZ-Direction 
This subsection covers the 0.43 aspect ratio cask being subjected to an XYZ-direction excitation. 
Three repeated runs were used for this analysis. Figure 4.33 depict the minor differences found 
in the spectra content produced by the shake table. These differences only occur at the short 
period range and all spectra produced by the shake table converge at periods greater than 0.175 
seconds. The accelerations histories produced by the shake table, as seen in Fig. 4.34, show than 
the table accelerations had minor differences in amplitude but followed the same trends. The 
largest discrepancy was found in the Z-directions acceleration history, which was due to the 
response of the cask and the impact forces induced by this response. Figure 4.35 shows the 
acceleration histories for the top north corner of the cask. It can be seen that the response of the 
cask at this location was very similar for all three repeated ground motion runs, for all three 
orthogonal directions. Figure 4.36 shows the horizontal displacements at five locations on the 
overpack. At the base of the cask the displacements follow similar trend, but do not directly line 
up with each other. At the top of the cask the specimen moved in a similar trend for all three 
repeated cases. Table 4.6 displays the minimum, maximum and final horizontal displacements for 
the bottom north corner of the cask. The vertical displacements in Fig. 4.37 further show the 
similarities of the cask’s response for the three repeated cases. For the three repeated cases the 
vertical displacements have identical trends with only small variations in the amplitudes. The 
resulting rocking and rotation angles produced by these displacements can be seen in Fig. 4.38. 





the evidence shown above, the cask with an aspect ratio of 0.43 being subjected to a 1,000-year 
return period FFGM exhibited repeatable results.  
4.4 FS.56 
This cask was a squat cask and had an aspect ratio of 0.56 and a scale of 1/2.5. It represents the 
average value aspect ratio for the squat half of commercially available DSCs. This was the first of 
two series of tests conducted with this aspect ratio of cask. Deformations in the baseplate of the 
cask, as discussed in Chapter 3, caused this cask to rock more than expected. The following section 
will discuss the results for a cask with the same aspect ratio but with a flat baseplate. The ground 
motion used for this analysis was a 1,000-year return period, spectrally matched Chi-Chi ground 
motion scaled to 100% of its spectrally matched values. One case was XYZ-direction case is the 
subject of this section.  
4.4.1 XYZ-Direction 
This subsection covers the 0.56 aspect ratio cask being subjected to an XYZ-direction excitation. 
Three repeated runs were used for this analysis. Figure 4.39 shows the spectra that the shake 
table produced during each repeated ground motion run. There were small variations in the 
spectra for periods less than 0.2 seconds. In this region the spectra produced by the shake table 
exceeds the target spectra, but beyond that the spectra converged to the target spectra. Figure 
4.40 shows the similarities between the acceleration histories for each of the repeated ground 
motions with minor differences in the amplitudes of the histories. The largest variation in the 
accelerations occurs for the Z-direction and is due to the cask and table interaction. Similar 
observations can be made for the acceleration histories seen in Fig. 4.41, which show the 
acceleration histories for the top north corner of the cask. Aside from a small delay in the response 





amplitudes. Figure 4.42 shows the horizontal displacements for the cask at the bottom north, 
center, and south corners as well as the top north and south corners. The displacements at the 
base of the cask vary, but trends can be seen for the displacements at the top of the cask. Table 
4.7 summarizes the minimum, maximum, and final horizontal displacement values for the north 
bottom corner of the cask for the three repeated cases. All of these displacements were within 
1/10th of an inch of each other, showing some consistency between the motions. Figure 4.43 
shows the similarities between the vertical displacements. Each run’s vertical displacements 
follow the same trends with only minor differences in the peak values. The similarities are also 
seen in the rocking and rotation angles presented in Fig. 4.44. The similarities in each of the 
discussed parameters show that for a 1,000-year FFGM scaled at 100% the cask exhibited 
repeatable behavior.  
4.5 FS.56r 
This cask was a squat cask and had an aspect ratio of 0.56 and a scale of 1/2.5. It represents the 
average value aspect ratio for the squat half of commercially available DSCs. This was the second 
of two series of tests conducted with this aspect ratio of cask. Deformations in the baseplate were 
corrected which resulted in a more stable base where rocking would not be over predicted. Two 
cases will be discussed. The first case is a 1,000-year return period Chi-Chi FFGM scaled to 100%. 
The second case is a 10,000-year return period Erzican Near Field Ground Motion (NFGM) scaled 
to 30% of the spectrally matched values. This is the only NFGM analyzed for all repeated case 
analyses. Both cases for this section used X, Y, and Z direction excitations.  
4.5.1 XYZ-Direction (FFGM)  
This subsection covers the 0.56 aspect ratio cask being subjected to an XYZ-direction FFGM 





the shake table produced during each repeated ground motion run. As with the previous cases, 
there are small variations in the spectra for periods less than 0.2 seconds. In this region the spectra 
produced by the shake table exceeds the target spectra, but beyond that the spectra converges 
to the target spectra. Figure 4.46 shows the similarities between the acceleration histories for 
each of the repeated ground motions. Each of the successive runs produced similar trends for all 
three orthogonal components of the acceleration. Although not as consistent as the shake table 
accelerations, the overpack accelerations at the top north corner of the cask followed the same 
trends with differences in the amplitudes, as seen in Fig. 4.47. Figure 4.48 shows the horizontal 
displacements for the cask at the bottom north, center, and south corners as well as the top north 
and south corners. This figure shows the cask was pivoting about the north bottom corner during 
all three repeated runs. This is indicated by the horizontal displacements being much larger in the 
top south corner than in the top north corner. In Fig. 4.48 it can also be seen that the cask follows 
similar trends for each case. Figure 4.49 depicts the vertical displacements measured at the base 
of the cask for the north, center, and south corners. These displacement histories follow the same 
trends, but have much more variation than was seen for the previous analysis case with the same 
aspect ratio. The rocking and rotation angles produced by the displacements can be seen in Fig. 
4.50. Even with small variations in the vertical displacements, the cask’s rocking and rotation 
angles follow very similar trends for all three runs conducted. The previous data has shown that 
even with small variations in the response, a cask with an aspect ratio of 0.56 and subjected to a 
1,000-yr return period Chi-Chi FFGM exhibits repeatable response.  
4.5.2 XYZ-Direction (NFGM)  
This subsection covers the 0.56 aspect ratio cask being subjected to an XYZ-direction NFGM 





conducted for NFGMs for all aspect ratios of casks. Figure 4.51 shows the similar spectral content 
that the shake table produced for each of the repeated runs. For periods less than 0.2 seconds 
the table exceeds the target spectra, but converges to the target spectra for period greater than 
that. Similar trends can be seen in the acceleration histories found in Fig. 4.52. The largest 
differences in these acceleration histories is for the Z-direction. It can be seen that between 8.3 
seconds and 8.9 seconds the three runs have differences in their histories. Even though there are 
differences in the Z-direction shake table acceleration histories, the resulting overpack 
acceleration histories show similar trends for all three repeated cases, as seen in Fig. 4.53. Of the 
three runs, Run 3 experienced the highest amplitudes of all three cases. This is resulting from the 
large variation for Run 3 in the shake table acceleration histories for the Z-direction. Figure 4.54 
shows the horizontal displacements for the cask at the bottom north, center, and south corners 
as well as the top north and south corners. Trends are difficult to identify using the base 
displacements, but looking at the displacements at the top of the cask show that the cask was 
displacing in a similar manner for each of the repeated cases. Table 4.9 summarizes the minimum, 
maximum, and final horizontal displacements measures for the bottom north corner of the cask. 
All minimum, maximum and final displacements were with 2/100’s of an inch of each other. This 
indicates the response of the cask is very similar between the three repeated cases. Figure 4.55 
show the similar trends that were recorded at the bottom of the overpack at the north, center, 
and south points. At the bottom south corner of the overpack the maximum vertical 
displacements measured were 0.115 inches, 0.114 inches, and 0.117 inches for runs 1, 2, and 3, 
respectively. The small differences between these displacements shows that the cask was 
responding to the NFGMs in a similar manner between the three repeated cases. The rocking and 





similarities between the three repeated ground motions. The evidence above has shown that a 
cask with an aspect ratio of 0.56 and subjected to a 10,000-year return period Erzican NFGM 
exhibits repeatable behavior. Table 4.10 compares the PGAs for the two ground motion types 
(FFGM vs. NFGM). It shows that the PGAs for the three orthogonal components of the 
accelerations for both cases were very similar. The maximum rocking angles between the two 
cases were also very similar as seen in Fig. 4.50. When comparing Fig. 4.50 with Fig. 4.56, the 
FFGMs produced much more rocking than the NFGM due to the multiple pulses that FFGMs 
contain. These multiple pulses within the FFGM caused more rocking which results in larger final 
displacements for FFGMs than for NFGMs.  
4.6 FS.62 
This section discusses the repeatability performance of a cask with an aspect ratio of 0.62 and a 
scale of 1/2.5. This cask represents the squattest aspect ratios for commercially available DSCs. 
This cask specimen did not meet scaling or similitude requirements with regard to mass and 
stresses, but did satisfy the aspect ratio requirements. The ground motion used for this 
repeatability analysis was a 10,000-year return period spectrally matched Chi-Chi FFGM scaled to 
100%. Three cases will be investigated in the following section an X, XZ, and XYZ direction FFGM.  
4.6.1 X-Direction 
This subsection covers the 0.62 aspect ratio cask subjected to an X-direction excitation. Five 
repeated runs were used for this analysis. Figure 4.57 shows the spectra content that was 
produced during testing for each of the five repeated ground motions. The spectra for the X-
direction exceeded the target spectra for periods less than 0.3 seconds; while there was no target 
spectra for the Y and Z directions due to the X-direction only excitation. For all three directions of 





4.58 shows the acceleration histories produced by the shake table for the repeated runs. It can 
be seen that for the X-direction, the only excitation direction for this subsection, that the histories 
followed the same trends but had minor variations in the amplitudes. For the Y and Z directions 
the acceleration histories do not follow the same trends like for the X-direction. The acceleration 
histories for the top north corner of the overpack can be seen in Fig. 4.59. The X-direction 
overpack acceleration histories show similar trends, while the Y and Z directions appear to have 
little correlation to each other. Figure 4.60 shows the X and Y displacement histories for the 
bottom north center, and south points as well as the top north and south points. These histories 
show the cask displaced differently for each repeated case. Table 4.12 compares the minimum, 
maximum, and final displacements for the fives repeated runs. These values vary significantly 
between each of the repeated cases. Figure 4.61 shows the vertical displacement histories for the 
bottom north, center, and south points of the cask. Runs 1, 2, 3, and 5 appear to have had good 
correlation between the 13 and 15 second range, while Run 4 did not. Outside of this time range 
the cask displaced differently for each repeated case. The rocking angles and rotations produced 
by the displacements can be seen in Fig. 4.62. For the excitation direction, similar trends can be 
seen in the rotation histories. For the Y and Z direction little correlation can be seen between the 
repeated cases. This subsection has shown that the shake table produced similar excitations for 
each of the repeated runs, but this resulted in different responses in the cask as was seen in the 
displacement and rocking/rotation histories. Therefore the cask with an aspect ratio of 0.62 
exhibits non-repeatable results for repeated ground motions of this magnitude.  
4.6.2 XZ-Direction 
This subsection discusses the repeatability performance of a cask with an aspect ratio of 0.62 





Figure 4.63 shows the acceleration spectra produced by the shake table for the five repeated 
cases. Small variations can be seen in the spectra for periods less than 0.05 seconds, also the 
spectra exceeds the specified target spectra for both excitation directions.  The acceleration 
histories for the shake table can be seen in Fig. 4.64. The X-direction shows very good correlation 
between the five repeated cases and where trends can be clearly seen. The Y-direction was not 
an excitation direction and resulted in low overall accelerations. The Z-direction was an excitation 
direction and shows some similar trends, but has large variations in the amplitudes seen in those 
trends. The acceleration histories for the top north corner of the cask can be seen in Fig. 4.65. All 
three orthogonal directions show similar trends. The X-direction shows the most correlation of 
the three directions. Figure 4.66 show the horizontal displacement for the cask. There is very little 
correlation between the horizontal displacements for the five repeated runs. Table 4.13 shows 
the differences in the minimum, maximum, and final horizontal displacements for the cask 
subjected to the five repeated runs. Figure 4.67 shows the vertical displacements measured at 
the base of the overpack. This figure shows how there was significant differences in the vertical 
displacements for each of the repeated cases. The rocking and rotation angles resulting from 
these displacements can be seen in Fig. 4.68. This figure shows that for the beginning of the 
ground motions the cask tends to follow the same trends, but as the successive pulses of the 
FFGM propagate the cask diverges from this trend for each of the repeated runs. Due to the 
differences in the response of the cask when subjected to repeat 10,000-year FFGMs, it is 
concluded that a cask with an aspect ratio of 0.62 shows a lack of repeatability.  
4.6.3 XYZ-Direction 
This subsection discusses the repeatability performance of a cask with an aspect ratio of 0.62 





Figure 4.69 shows the spectra produced by the shake table for each of the five repeated cases. 
The spectra for all three orthogonal components exceeds the target spectra for short periods and 
then converges to the target spectra for longer periods. The run that contained the most variation 
with respect to the other runs was Run 1. Run 1 has spectra values that are less, for periods less 
than 0.25 seconds, than the rest of the repeated runs. Figure 4.70 shows the shake table 
acceleration histories. Correlation can be seen between the five runs for both the X and Y 
directions. The Z-direction, which is most influenced by the casks response, shows little 
correlation between the acceleration histories for the five repeated cases. Even with similarities 
found in the X and Y directions acceleration histories, the acceleration response of the cask shows 
little correlation as seen in Fig. 4.71. This variation in response can be further seen in the 
horizontal displacement histories as seen in Fig. 4.72. This figure shows the differences in the 
displacements for the north, center, and south point at the base of the cask as well as at the top 
north and south points. It can be seen that for each of the five repeated cases the cask displaces 
differently. Similar observations can be made for the vertical displacements as seen in Fig. 4.73. 
No visible trends could be seen for these vertical displacements, and that largest recorded vertical 
displacement was recorded during Run 1. Run 1’s spectra were less than the other runs for the X 
and Y directions, but greater for the Z-direction, which may be the cause of this largest 
displacement. The rocking and rotation angles produced by these displacements also show little 
correlation for the five repeated runs as seen in Fig. 4.74. This evidence shows that for a cask with 






4.7 Repeatability Conclusions 
This chapter has covered the repeatability analysis for casks of varying aspect ratios subjected to 
repeated ground motions. The first aspect ratio cask discussed is 0.39 and had a scale of 1/3.5. 
This cask was subjected to X, XY, XZ, and XYZ direction FFGMs. The ground motion used for these 
comparisons was a 10,000-year return period, spectrally matched Chi-Chi ground motion scaled 
to 75% of its spectrally matched values. For each of these ground motions three repeated runs 
were used. When comparing the three repeated X-direction 75% 10,000-year FFGMs, the cask 
lacked repeatability. For the XY-direction FFGM it was shown that the cask lacked repeatability 
for a 75% 10,000-year return period FFGM. The consistencies found in the input parameters of 
the ground motion and the inconsistencies measured in the 0.39 cask response when subjected 
to a 75% 10,000-year XZ-direction show the cask lacked repeatability. The inconsistencies in the 
specimen response and the similarities found in the ground motions input parameters show that 
for a 75% 10,000-year return period XYZ-direction FFGM, the 0.39 cask exhibited non-repeatable 
behavior. All excitation directions investigated for the 0.39 cask showed a lack of repeatability 
when subjected to repeated ground motion runs. The next cask discussed was a cask with an 
aspect ratio of 0.43 and a scale of 1/2.5. Two excitation directions were investigated for the cask, 
an XY and XYZ direction. The ground motion used for this analysis was a 1,000-year return period, 
spectrally matched Chi-Chi ground motion scaled to 100% of its spectrally matched values. The 
first analysis covered the XY-direction. It was shown that for this FFGM the 0.43 cask exhibited 
repeatable behavior for the three repeated FFGMs. The second ground motion investigated for 
the 0.43 cask was an XYZ-direction FFGM. The evidence provided showed that this cask exhibited 
repeatable behavior for the three repeated 100% 1,000-year return period FFGMs. The 





showed repeatability. The next section discussed the performance of a cask with an aspect ratio 
of 0.56. This cask was subjected to a 1,000-year return period, spectrally matched Chi-Chi FFGM 
scaled to 100% of its spectrally matched values. This cask’s baseplate was slightly deformed in the 
shape of a bowl. This deformation allowed this cask to rock more than a cask with a flat baseplate. 
For this analysis, three repeated FFGMs were conducted in the XYZ-direction. The data showed 
that the 0.56 aspect ratio cask exhibited repeatable behavior for all three repeated 100% 1,000-
year return period FFGMs. The next cask discussed was the 0.56 aspect ratio cask with a newly 
attached flat baseplate. This specimen was subjected to two repeat cases. The first case covers 
an XYZ-direction FFGM. This motion was the 1,000-year spectrally matched Chi-Chi ground motion 
scaled to 100% of its spectrally matched values. It was shown that for this ground motion the cask 
exhibited repeatable behavior. When compared to the cask with a deformed baseplate, the cask 
with a flat baseplate experienced smaller vertical displacements and smaller rotations. The next 
repeatability analysis again covered the 0.56 aspect ratio cask. This analysis was the only one to 
cover the repeatability of a cask subjected to NFGMs. Three repeated runs were used for this 
analysis. The NFGM used was the 10,000-year return period Erzican NFGM scaled to 30% of the 
spectrally matched values. The data showed that for this level of ground motion the 0.56 aspect 
ratio cask exhibited repeatable behavior. The final section of this chapter covers the repeatability 
of a cask with an aspect ratio of 0.62. Three cases were investigated for this cask an X, XZ, and XYZ 
direction FFGM. The ground motion used for this repeatability analysis was a 10,000-year return 
period spectrally matched Chi-Chi FFGM scaled to 100% of it spectrally matched values.  For the 
X-direction case, the data showed that the cask exhibited a non-repeatable response while the 
shake table produced similar ground motions.  The XZ-direction cases showed similar result and 





repeatability performance of a cask with an aspect ratio of 0.62 subjected to XYZ-direction FFGMs. 
The data showed that a cask of this aspect ratio being subjected to a 100% 10,000-year return 
period FFGM lacked repeatability. A summary of the repeatability analysis results can be seen in 
Table 4.15. For a specified excitation direction, the shake table produced repeatable ground 
motion acceleration histories. When one or more directions were excluded from the ground 
motion (i.e. an X-direction only) the shake table performed well resisting the response of the cask 
and performing the specified motion, but the cask’s response produced variability in the non-
excitation directions acceleration histories. These variations may be the cause of the different 
responses of the cask during higher level ground motions like the 10,000-year events which were 
all found to be non-repeatable. The variations in the non-excitation directions acceleration 
histories were observed for the lower level ground motions, however these casks exhibited 
repeatable behavior. This shows that the PGAs of the ground motion have great influence over 
the repeatability of the response of the cask. Another factor that may influence the repeatability 
of the cask response is the location of the cask with respect to the concrete pads center. It was 
shown in Figs. 4.1 and 4.2 that the cask’s responses in the LS-DYNA model were highly sensitive 
to the initial location. During testing of the cask, ground motions were conducted back to back 
and the cask was not reset at the center of the pad at the beginning of each repeated ground 
motion. This lack of recentering most likely caused the differences in the cask’s response during 
repeated ground motions. The highly non-linear effects of friction may be another influencing 
factor that contributes to the lack of repeatability in the cask’s response. The non-homogenous 
nature of concrete causes differences in the coefficient of friction at different locations upon the 
concrete pad. These differences in friction could result in a different response of the cask. Grinding 





dust could act as a powder lubricant which could result in less of a friction coefficient for 
subsequent ground motion runs. This could also contribute to the non-repeatable nature of the 






5 Analysis Results 
5.1 Introduction 
This chapter cover the experimental analysis results for casks of different aspect ratios. Much of 
the previous investigations into rocking behavior have been conducted using rocking blocks.  The 
casks investigated in this project involved rocking cylinders, which little prior research is available. 
This chapter is divided into four sections. The first section describes the geometric characteristics 
and governing equations. The second section compares the performance of all casks tested. The 
third section compares the performance of the stretch and conventional anchored cask tests. 
While the forth section compares the performance of the freestanding casks of different aspect 
ratios. The anchored specimens had a scale of 1/2.5. The five freestanding cases consisted of casks 
with aspect ratios of 0.39, 0.43, 0.56, 0.56, and 0.62. The 0.39 and 0.62 aspect ratio casks had a 
scale of 1/3.5, while the remaining casks had a scale of 1/2.5. In order to make comparisons for 
this section all experimental results were scaled to the prototype. 
For the freestanding casks tested, the 0.39 and 0.62 casks did not include the MPC, and therefore 
did not have the MPC-overpack interaction. Furthermore, the 0.62 cask only met the dimensional 
scaling and similitude requirements, and lacked the additional mass that was needed to meet the 
stress and strain requirements. Not meeting the scaling/similitude requirements caused 
differences in the results. Figure 5.1 shows a comparison of the casks mass moments of inertia 
for the X, Y and Z directions; the X and Y directions have the same mass moments of inertia due 
to symmetry. It can be seen that the lack of mass has caused the mass moments of inertia to drop 
significantly for the 0.62 aspect ratio cask.  Another factor that creates inconsistencies in the 





the cask decreases. Also, the first of the 0.56 aspect ratio casks (FS.56) had a convexly deformed 
baseplate which caused an easier initiation of rocking. 
5.2 Cask Geometry and Governing Equations 
Figure 5.2 depict the geometric characteristics and free body diagram for freestanding DSCs. The 
radius of the cask is represented by r. The height to the center of gravity is denoted by hc.g. Due to 
the fact that the center of gravity may not coincide with the geometric center of the cask the 
overall height of the cask is represented by Htotal. The radial distance from the center of rotation 
to the center of gravity is denoted by =  ( + ℎ . . ). The angle created between the radial 
arm and the vertical edge of the cask that is located above the center of rotation is the critical 
angle. The critical angle is denoted by α; where =  tan
. .
. The angle of rotation of the cask 
is denoted by θ. When the rocking angle θ reaches the angle α, the cask is balanced about its 
center of rotation and is at risk of tipping over. The letter u represents the horizontal displacement 
at the top of the cask, ü  represents the horizontal acceleration of the ground motion ü  
represents the vertical acceleration of the ground motion. All of the following equations make the 
assumption that the friction coefficient between the cask and pad is sufficient to resist sliding and 
cause a pure rocking motion. Equations 5.1 to 5.3 are equilibrium equations that show from a 
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This also shows that for a cask to initiate rocking the horizontal acceleration of the ground must 
be greater than the acceleration of gravity, adjusted for the vertical component of the ground 
acceleration, times the casks respective aspect ratio at some point in the ground motions 
horizontal acceleration history. The dynamic equations of motion for rocking bodies subjected to 
base excitations were first pioneered by Housner [1]and were investigated by numerous others 
including Makris [4]. The following equations are used to describe the dynamic motion of the cask 
[22].  
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The mass moment of inertia contains a scaled up form of the R2 term which is a quadratic 
function, while the remaining terms in the equations of motion are linear. This results in the 
seismic resistance of the cask is a combination of a quadratic and linear term, while the demand 
is only a function of a linear term. This implies that most of the seismic resistance comes from the 
large rotational inertias of DSCs, and that this term will eventually govern over its linear 
counterpart. These equations are simplified to give a general understanding of the motions of the 





between all the degrees of freedom, as seen in the following matrix equation which describes the 
acceleration of two points on a rigid body [23]. 
= +  ×  ×  + ×               (5.9) 
This formula uses rotating reference frames to describe the acceleration of points P and Q in the 
Newtonian reference frame N. Points P and Q are located on body B. Reference frame B is 
attached to body B along its three orthogonal axes. The rPQ is the vector that describes the location 
of point Q with respect to point P. NaQ is the definition of the acceleration of point Q in the 
Newtonian reference frame N. NaP is the definition of the acceleration of point P in the Newtonian 
reference frame N. NωB and NαB represent the angular velocity and acceleration of reference frame 
B in the Newtonian reference frame N. The triple product and cross product cause coupling 
between all of the degrees of freedom. 
Another critical factor in the development of the equations of motion is the variation in the 
coefficient of friction at the interface of the cask and concrete pad it rests on. The first issue arises 
from the fact that friction coefficients vary with respect to the casks movements. When at rest 
the friction coefficient (μs) is greater than the coefficient of friction for sliding (μk), but once the 
cask begins to move the friction coefficient transitions from μs to μk. Due to the random nature of 
seismic accelerations, the cask would rapidly be transitioning between μs to μk. These rapid 
transitions make friction coefficients difficult to precisely estimate in a deterministic model. 
Another influencing factor is the wear that occurs at the cask/pad interface. As the cask slides the 
concrete pad’s surface wears, causing wear particles to be distributed throughout the interface. 





the interface. An uneven distribution of these particles could lead to different coefficients of 
friction at different locations on the concrete pad. 
Impacts between the cask and the pad further complicate the modeling process. The equations 
of motion (Eqs. 5.1 to 5.8) describe the motion of the cask. Impact event are generally analyzed 
using impulse and momentum principles. The impact events result in a loss of energy and careful 
modelling is critical. Impacts may also change the mode of the cask. Furthermore different types 
of impacts (i.e. free flight, rock, and slide-rock) need to be modeled separately [3]. 
Pure in plane rocking was rarely observed during the course of experimental testing as was 
discussed by Drosos and Anastasopoulus [5]. A block subjected to a vertical and horizontal seismic 
excitation results in a rotation about the center of rotation. The center of rotation is a rectilinear 
line that is mutually perpendicular to both excitation directions (X and Z) and is located at the 
bottom corner of the block. This results in the block rotating in the X-Z plane with two degrees of 
freedom.  For a cylindrical body the center of rotation becomes a curvilinear line instead of a line. 
As the cask rotates it tends to slide/roll/rotate about its circular edge, in all six degrees of freedom, 
rather than the planer two degree of freedom rotation seen with blocks. This six degree of 
freedom response is a much more complex motion than the two degree of freedom response 
observed with blocks. 
The response of freestanding casks differs greatly from that of an anchored cask. Anchored casks 
rely of traditional earthquake design philosophies were earthquake forces are resisted by the 
anchors at the base of the cask. These anchors dissipate earthquake energy through elastic and 
inelastic deformations. Anchored systems have constant positive stiffness which can change only 
if the system experiences yielding, which results in a softer system. Damping is present in these 





inelastic deformations are expected to be seen within the anchors in the form of stretching and 
bending. The extent that the anchors can be plastically deformed without fracture gives this 
system its ductility. This ductility and strength, resulting from the anchorage system, are the 
primary resistance to seismic forces. Anchored casks can be analyzed using equivalent static 
analysis.  Figure 5.3 shows the force-displacement relationship for anchored and freestanding 
casks. As stated above, the figure shows that anchored casks have positive stiffness while 
freestanding casks have negative stiffness. Negative stiffness implies that the largest force 
coincides when the cask is at rest on its base, and the force required to hold the body at a given 
rotation decreases as the angle of rotation increases. Once the rotation angle reaches the critical 
angle α, the cask can either tip over onto its side or rotate back in the direction in which it came 
from. Freestanding systems have no ductility due to their lack of inelastic deformations and rigid 
body characteristics and damping only occurs during impact events when the angle of rotation 
goes from positive to negative. From a statics perspective, freestanding cask appear to have little 
resistance to earthquake forces. This is because their seismic resistance comes from their large 
rotational inertias. Since the seismic resistance comes from the dynamic properties of the cask, 
an equivalent static analysis is not applicable for the analysis of freestanding rocking structures 
and a dynamic analysis must be performed [22]. 
5.3 Comparison of All Casks 
This section covers a comparison of all aspect ratios of casks, including both the anchored and 
freestanding specimens. This consists of three anchored cases, two of which were conducted 
using a biaxial shake table and one that was conducted using the 6DOF shake table. Due to the 





This section will be split into two subsections, the first covering Far Field Ground Motions (FFGMs) 
and the second covering Near Field Ground Motions (NFGMs). 
5.3.1 All Casks FFGM Comparison 
This subsection gives a comparison for all casks that were subjected to a 50% of an original Chi-
Chi ground motion. Each cask specimen has different dynamic properties which results in a 
different response of the cask when subjected to equivalent ground motions. Different responses 
of the casks can be seen in the acceleration histories seen in Fig. 5.4. This makes comparisons 
using time histories difficult, so Fig. 5.5 compares the absolute maximums for accelerations at 
different locations on the casks. It can be seen that all casks produce significant increases in the 
MPC accelerations which results in higher forces experienced by the spent nuclear fuel. Anchored 
casks appear to produce lower accelerations in the system when compared with the freestanding 
FS.43 cask, which was identical to the anchored specimens. The highest MPC accelerations 
measures for this ground motion were recorded for the FS.43 cask, but higher accelerations would 
be expected for the FS.39 cask if it had contained a MPC.  The FS.43 specimens MPC experienced 
an increase in acceleration that was ten times greater than the PGA. A trend can also be seen for 
the freestanding casks where, as the aspect ratio increases the accelerations measured at the top 
of the MPC and overpack decrease. The displacements measured at the top of the cask result 
from a combination of the base displacements and the rotational displacements. Figure 5.6 shows 
the displacement histories for the top north corner of the cask. It can be seen that the FS.56 cask 
produced the largest displacements of any of the specimens. This is due to the fact that the FS.56 
cask had a baseplate with a convex deformation, which resulted in larger rotations. This cask also 
took the longest time to come to rest as indicated by the low level of decay of motion. It can also 





the FS.43 cask. Figure 5.7 depicts a comparison of the absolute maximum displacements of the 
cask for this ground motion. The anchored specimens produced very little displacements; with no 
contribution coming from horizontal displacements at its base. All the displacements for the 
anchored casks are a results of the casks rotation. These rotations occur when the base of the 
cask uplifts from the concrete pad, which is restrained by the anchorage device. When not 
including the FS.56 cask (convex baseplate), a trend of decreasing displacement can be seen as 
the aspect ratio of the cask increases. This trend can also be witnessed in the rotational histories 
and comparison found in Figs. 5.8 and  5.9. The results collected for the FS.62 cask over predict 
the response of the cask due to its significantly decreased dynamical properties, as discussed in 
the introduction to this chapter (no MPC). Even with this difference, it can be seen that this cask 
still produces a lower level of response compared to the FS.39 and FS.43 casks. 
5.3.2 All Casks NFGM Comparison 
This subsection gives a comparison for all casks that were subjected to a 50% of an original Erzican 
ground motion. Figure 5.10 depicts the acceleration histories for the top north corners of the 
casks. Similar to the FFGM case, the responses of the casks to equivalent ground motions lacks 
similar trends between the different specimens. Figure 5.11 makes a comparison of shake table, 
overpack, and MPC accelerations at the top of each respective specimen. For NFGMs it can be 
seen that the anchored casks all produced a significant amplification in MPC accelerations when 
compared to the PGAs. Generally the MPC accelerations for the anchored casks are higher than 
those recorded for the freestanding casks with the exception of the FS.43 cask. It would also be 
expected that the FS.39 MPC (if it was present) would experience higher accelerations due to its 
slenderness. The FS.56 and FS.56r casks experienced the lowest MPC acceleration amplification 





FS.56r casks indicate that minimal pounding between the MPC and Overpack occurred during 
these ground motions. For the X-direction, a trend of decreasing overpack accelerations with an 
increase in aspect ratio can be observed. The squatter casks also result in lower accelerations than 
the more slender casks. Figure 5.12 shows the displacement histories for the top north corner of 
the casks. For the X-direction the largest displacement recorded occurred for the FS.39 cask. For 
the Y-direction the largest displacement recorded occurred for the FS.56 cask, which had the 
deformed baseplate. A comparison of the absolute maximum displacements can be seen in Fig. 
5.13. A trend of decreasing displacement with an increase in aspect ratio can be seen in the X-
direction. A similar trend can be observed for the Y-direction, if the FS.56 case is disregarded. The 
convex shape of the FS.56 casks baseplate caused higher rotations, which in turn result in higher 
displacements. Figure 5.14 shows the rotation histories. It can be seen that the anchored 
specimens produce very small rocking angles. The freestanding specimens resulted in the largest 
rocking angle, and it can be seen that the FS.56 cask with the deformed base took much longer 
than the rest of the specimens to finally come to rest. Figure 5.15 gives a comparison of the 
absolute maximums for the rocking angles for each specimen. A trend of decreasing rocking 
angles with an increase in aspect ratios can be clearly seen. To decrease the probability of tip-
over it would be recommended that slender casks use a stretch length anchorage system. 
5.4 Comparison Anchored Casks 
Due to 6DOF shake table limitations, the anchors experienced very little inelastic strains during 
the course of 6DOF testing. The cask system was subjected to a total of 77 ground motions on the 
6DOF shake table. The cask and footing were then moved to a biaxial shake table to repeat the 
test and subject the specimen to ground motions that were unattainable using the 6DOF shake 





stretch anchors. During all 151 ground motions experienced by the stretch length anchors, no 
failure of the system or its components was observed. The conventional anchors did not fare as 
well. A total of 44 ground motions were conducted for the conventionally anchored specimen. 
Failure of portions of the anchor device were observed starting at the 35th conventional anchor 
ground motion. At this time the anchor bolt, nut, and washer began to pull through the mating 
surface of the clamp. 
This section of the chapter covers the comparison between the stretch length anchor/cask system 
and the conventional length anchor/cask system. The same specimen was used for both 
experiments with the only difference between the two configurations being the length of the 
anchor bolt that extended above the concrete footing surface. Only odd numbered anchor bolts 
will be used for the following analyses, which provides an even distribution around that cask. The 
following two subsections will discuss the performance of cask subjected to FFGMs and NFGMs, 
on a biaxial shake table. 
5.4.1 Anchored Casks FFGM Comparison 
The ground motion selected for this comparison was 100% of a 30,000-year Chi-Chi ground 
motion. A total of 77 ground motions were conducted on the stretch length anchor specimen 
using the 6DOF shake table. An additional 34 ground motions were conducted on the stretch 
anchors prior to the motion used for the following comparison. The conventional anchored 
specimen had a total of only 21 ground motions prior to the motion used for the following 
comparison. Figure 5.16 shows the acceleration histories for the top north corners of the 
anchored casks; it can be seen that for equivalent ground motions the response of the cask is 
different for the two cask configurations. The cask with conventional anchors had an absolute 





g’s. Figure 5.17 shows a comparison accelerations for the top north and south corners of the casks. 
The amplification from shake table accelerations to overpack accelerations and then to MPC 
accelerations is generally consistent between the stretch and conventional anchors, with no 
major differences observed. Displacements of the top north corner of the casks can be seen in 
Fig. 5.18. The X-direction shows similar displacement amplitudes. The displacement amplitudes 
for the Y-direction are generally larger for the conventional anchors than they are for the stretch 
anchors. This can also be seen in the Z-direction, where the amplitude of the vertical displacement 
for the conventional anchored cask is generally larger than that of the stretch anchored cask. A 
trend identical to that of the displacements can be seen in Fig.5.19, which compares the rocking 
angles of the specimen. It seems counterintuitive that the conventional anchors would show 
greater displacements and rotations for equivalent ground motions than the stretch anchors 
would. Figure 5.20 depicts the strain histories for the anchor bolt at 1.5” beneath the concrete 
surface; negative indicates tension and positive indicates compression. At a yielding threshold of 
1240 microstrain, only two anchors recorded yielding during this ground motion. Bolt #1 for the 
stretch length cask started the ground motion with a large residual strain that resulted from the 
previously conducted ground motions, and no additional yielding was observed. Bolt #9 
experienced yielding for the conventional anchor case, with -1280 microstrain. This value just 
slightly exceeds the yielding threshold and did not result in substantial residual strains. Overall 
the portion of the anchors below the concrete surface showed little to no yielding. The vertical 
member of the clamp, also known as the chairs of the anchorage device, experienced no yielding 
during these ground motions, as seen in Fig. 5.21. The straight and flat lines of the stretch anchors 
show that the stretch anchors barely engage this component of the cask during large ground 





testing. The seat of the clamp is the interface at which the nut and washer connect to the 
anchorage device. Figure 5.22 shows the strain histories for the seats. Seats 3, 5, 7, and 9 all have 
higher strain values for the conventional anchors when compared to the stretch length anchors. 
These strain values are all well outside of the elastic range for the conventional seats and generally 
within the elastic range for the stretch anchors. The seat plays a critical role as it transfers the 
forces at the base of the cask to the anchor bolt which then transfers the forces to the concrete 
footing. The seat was designed to yield during testing, which was observed. The extensive yielding 
that occurred for the conventional anchor seats caused the larger than expected rotations and 
displacements that were mentioned above. Overall both configurations showed the ability to 
withstand a 30,000-year FFGM, although the conventional anchors system showed a much higher 
accumulation of damage for an equivalent ground motion. 
5.4.2  Anchored Casks NFGM Comparison 
The ground motion selected for this comparison was 75% of a 30,000-year Erzican ground motion. 
Prior to this motion the stretch anchors had a total of 116 ground motions conducted on them, 
while the conventional anchors experienced only 23 previous ground motions. Figure 5.23 depicts 
the acceleration histories for the top north corner of the two anchored casks. Between 12.5 
seconds and 13.0 seconds the stretch anchors experienced accelerations that were not seen in 
the conventional anchors, but for the remaining duration of the ground motion the conventional 
anchors had noticeably higher accelerations. Although the amplitudes for the conventional 
anchors were higher for the duration of the motion, the PGAs of the motion are very similar, as 
seen in the comparison in Fig. 5.24. Similar to the FFGM case, the acceleration performance 
between the two anchored casks is very similar in terms of peak accelerations. Figure 5.25 shows 





configuration shows larger displacements than the stretch anchor configuration. These 
displacements result in larger rocking angles, as seen in Fig. 5.26. Similar to the FFGM case, this 
result was unexpected, as it would be assumed that the stretch length anchors would exhibit 
greater displacement than the conventional length anchors. The strains recorded in the bolts 
below the concrete pads surface can be seen in Fig. 5.27. Very little yielding was seen in the bolts 
below the concrete surface. The chairs of the clamp also experienced very little strains, as seen in 
Fig. 5.28. Although these members were designed to yield, no yielding was recorded for any 
ground motion over the entire course of shake table testing. Figure 5.29 shows the strains that 
were recorded at the interface at which the nut/washer meets the clamp, also referred to as the 
seat.  This figure shows that significant yielding was experienced at these locations for most of 
the conventional anchors. The limited strains recorded in Figs. 5.27and  5.28 show that a majority 
of the strain and deformation occurred within the seat of the clamp. The short gauge length of 
the conventional anchors causes high stress concentrations at the seat of the clamp, which results 
in larger deformations at that location.  
5.4.3 Anchored Casks Conclusions 
Figure 5.30 shows the stretch length footing after the completion of shake table testing. Overall 
the anchors appear to be in usable condition with only small residual deformations noticeable in 
the bolts. These small deformations are highlighted in Fig. 5.31, where a single stretch anchor 
within its respective location in the clamp can be seen. Notice the gap between the nut and the 
washer as well as the red marker line and the bottom plate of the clamp. The elongation seen in 
Fig. 5.31 is approximately 3/8”, which is only approximately 30% of the expected failure 
elongation of approximately 1.25“. These gaps were formed primarily by the inelastic stretching 





The deformations over the threaded portion were minimal enough to still allow the nuts to be 
tightened when they stretched. No failure of the threads was observed for any of the stretch 
length anchor bolts. Several failure modes were observed for the conventional anchors. 
Dethreading of the conventional anchor bolts was one failure mode that was observed. In the 
event of failure of the stretch length anchor bolts, the remaining portion of the anchors would act 
as a dowel, and would still resist horizontal movements but not the vertical movements of the 
cask. In chapter 3 it was shown that as the stiffness at the base of the cask increases so do the 
accelerations felt by the spent nuclear fuel. Allowing the stretch anchors to act like dowels would 
reduce these accelerations, while still resisting horizontal displacements of the cask. Figure 5.32 
shows how the nut for conventional anchor bolt #1 dethreaded the anchor. These dethreaded 
anchors are not able to resist the vertical forces that are produced by the casks rocking motion, 
but are still able to resist the shear forces. Bending of the anchor bolts was an additional mode of 
conventional anchor bolt failure that was observed during the course of testing. The final mode 
of failure was pull-through of the anchor through the seat of the clamp. Bending and pull through 
are a coupled failure modes. As the anchor bends, it causes a high stress concentration on the 
compression side. This stress concentration may be enough to fail the seat and allow the anchor, 
washer, and nut to pull through the clamps seat. This is illustrated in Fig. 5.33, where it can be 
seen that the conventional anchor has bent which resulted in pull through. From a qualitative 
standpoint, the stretch anchors performed better than the conventional anchors due to the fact 
that no failure was observed for any portion of the anchorage system during testing. The stretch 
anchors were also exposed to significantly more ground motions than the conventional anchors. 
A simplified model was developed to compare the relative stiffness’s of the: stretch anchors, 





seat at the onset of yielding that was analyzed using SAP2000. The analysis of this plate was 
nonlinear and included the effects of P-delta and large displacements. From this model an elastic 
stiffness was calculated to be 442 kip/in. Using elastic material properties the stiffness’s for the 
stretch and conventional anchors was found to be 1,553 kip/in and 51,247 kip/in, respectively. 
The elastic force-displacement relationship for each of the pieces can be seen in Fig. 5.35. For 
these calculations the conventional anchors were assumed to have a gauge length of 0.25 inches 
which corresponds to the thickness of the seats plate. The stretch length anchors were assumed 
to have an 8.25 inch gauge length. These gauge lengths are estimates and may actually be longer 
due to the strain that occurs below the concrete surface. Due to the anchorage systems 
configuration the anchors and seat plate act as two springs in series giving an equivalent stiffness 
of 438 kip/in for the conventional anchors and 344 kip/in for the stretch anchors. The higher 
stiffness of the conventional anchors attracts more force than that of the stretch length anchors, 
which causes yielding that results in larger deformations and rotations. The SAP2000 model of the 
seat plate showed that the inner edge of the plate begins to yield at loads as low as 4.5 kips with 
very small deformations. The anchor bolts need to experience a load of approximately 16 kips in 
order to begin to yield. This significant difference in load capacity between the anchor and seat 
plate means that the seat plate will undergo significant inelastic deformations before the anchor 
bolt begins to yield. When this is coupled with the increase in force due to increased stiffness of 
the conventional anchors system, the conventional anchors see greater forces and deformations 
for the same ground motions when compared to the stretch length anchors. Single anchor tests, 
which covered the performance of many anchorage configurations, were conducted at the 
University of Utah. These tests showed that by providing a stretch length anchor and a chair that 





systems configuration used during shake table testing proved to be adequate for both 
configurations. The stretch anchor system showed very little damage, even after 100+ ground 
motions. On the other hand, the conventional anchors performed well, but showed several 
possible failure modes not seen in the stretch anchor case. Due to the complex inelastic strain 
profile and low stiffness that was present in the tested seat plates, it would be recommended to 
use a thicker seat plate, at the interface between the nut/washer and the anchorage device. This 
member should be designed to remain elastic during seismic events. The design of the anchorage 
chairs proved to be adequate to resist seismic forces.   
5.5 Comparison Freestanding Casks 
The final section of this chapter discusses the freestanding performance of DSCs. The scaled 
freestanding casks had aspect ratios of 0.39, 0.43, 0.56, and 0.62. The 0.39 and 0.62 casks had a 
scale of 1/3.5, while the 0.43 and 0.56 casks had a scale of 1/2.5. Furthermore, the 0.62 cask did 
not meet scaling and similitude requirements. The 0.39 and 0.62 casks did not have the MPC-
overpack interaction. Also, when the 0.62 aspect ratio scaled model cask properties are scaled up 
to prototype size they would meet the properties of any commercially available DSCs. Although it 
does not represent a commercial available cask, the data collected illustrates that mass is a critical 
factor that effects the seismic response of DSCs. 
5.5.1 Freestanding Cask Analysis 
Due to the non-repeatable responses of the casks discussed in the previous chapter, a direct 
comparison approach would not be sufficient to characterize the response of the cask, as it could 
be different between repeated runs. Taking this into consideration a different approach was taken 
to analyze the casks’ performance. All of the collected data was analyzed to determine the 





was then processed using the Curve Fitting Toolbox in MATLAB [25]. After numerous iterations 
using multiple fitting options it was founds that a second degree polynomial provided the best fit 
to the experimental data. The curves were not developed to predict the exact response of the 
casks, but rather to show the general performance of the casks. The raw data and fitted curves 
for a comparison of the input PGAs and casks overpack response can be seen in Fig. 5.36. This 
figure is divided into five sections, where each graph represents a different cask. The dots 
represent each ground motions PGA and the associated overpack’s top acceleration response. 
The solid lines are the best fit curve to the data, while the dashed lines show a 95% confidence 
interval. The five graphs shown have an average R2 value of 0.876, which shows an acceptable fit 
to the data. It can be clearly seen that as the aspect ratio increases the magnitude of the input 
ground motion decreases, except for the 0.62 cask which did not meet scaling and similitude 
requirements. The decrease in input magnitude for larger aspect ratio casks is due to the fact that 
as the aspect ratio increases, so does the size and weight of the cask, therefore the shake table 
reaches its capacity at lower level ground motions for the squatter/heavier casks (ex. FS.56r) than 
it does for the more slender/lighter cask (ex. FS.39). This trend can be seen in all of the following 
curve fitting figures presented in this section. Figure 5.37 takes each individual curve, minus the 
data points and confidence interval, and places them on a single graph for comparison. From 
Figure 5.37, it can be seen that the highest overpack accelerations were recorded for FS.39 
followed by FS.43 then FS.56 and the cask with the smallest response was FS.56r. It would be 
expected to that FS.62 would have the smallest response, but the lack of mass caused a large drop 
in the mass moment of inertia as seen in Fig. 5.1, which caused it to have the highest response. 
Of the five freestanding casks only the FS.43, FS.56, FS.56r configurations were canisterized 





mitigate by designing the cask in a way that the MPC and overpack move as a single unit in 
composite action rather than two free bodies. This would need to be done in a manner that still 
provides sufficient cooling passages to the MPC. Figure 5.38 shows the curve fitting of the MPC 
acceleration data to the input PGAs; due to limited data for higher ground accelerations the best 
fit curve to the experimental data drops off for the . Figure 5.39 compares these three curves. It 
can be seen that the FS.43 cask had the highest MPC response to the ground motions, while the 
FS.56 cask had a slightly smaller response. The FS.56r cask has the smallest initial response but 
has greater slope than the FS.56 cask. If additional data was collected past 1.0 g’s, it would be 
expected that the slope would flatten out. The next parameter to be compared is the X-direction 
displacements at the top of the cask, as seen in Fig. 5.40. The displacements used are a 
combination of displacements due to rocking and displacements due to sliding. Displacements are 
very difficult to predict due to the highly nonlinear nature of the freestanding cask/pad system. 
The nonhomogeneous nature of the concrete pad can cause changes in friction which can then 
result in a different response and displacements of the cask. This was seen in the previous chapter 
when analyzing repeatability, where for repeated ground motions the cask had similar 
acceleration histories, but the displacement results were inconsistent. Figure 5.41 shows the 
comparison of the curves developed in Fig. 5.40. The FS.39 cask showed the largest x-
displacement response. The FS.43 and FS.56r cask have very similar slopes with a slightly larger 
response from the FS.43 cask. Although the FS.56 cask with its rocking base had a higher 
acceleration response than the FS.56r cask, the displacement response was less for the FS.56 cask 
than the FS.565r cask. The rocking dominate response of the FS.56 cask allows it to rock more but 
results in lower sliding displacements, where the FS.56r is less likely to purely rock and more likely 





but the rocking and sliding about the point of contact between the cask and the concrete pad was 
observed. The predominate response of the cask was rolling about its outer edge, which results 
in a precession and nutation motion.  Figure 5.42 show the curve fitting of the Y-displacement 
experimental data against the PGAs of the ground motions. The comparison of these curves can 
be seen in Fig. 5.43. The most slender cask, FS.39 has the largest response of any of the casks 
tested. The cask with the second highest response was the FS.43 cask. Unlike the X-direction, the 
next largest cask response was the FS.56 cask then followed by the FS.56r Cask. Figure 5.44 shows 
the curve fitting of the Z-displacement experimental data with respect to the ground motions 
PGAs. Figure 5.45 shows the comparison of the best fit curves for the experimental data. Like the 
previous comparisons, the most slender FS.39 cask exhibited the largest vertical displacement 
response of any of the casks tested. The FS.56 cask was the next largest response, which was 
caused by its concave baseplate. This baseplate allowed for easy rocking of the casks which in turn 
leads to greater uplift and vertical displacement. The next largest response was from the FS.43 
cask, followed by the FS.56r cask which had the smallest response. The experimental data clearly 
shows that as the aspect ratio of the cask becomes larger, the seismic response becomes less. It 
would be recommended that casks could be designed as freestanding if the aspect ratio is greater 
than 0.55.  
5.5.2 Alternate Methods for a Better Seismic Response 
This section will discuss two possible methods that could improve the seismic response of DSCs. 
The first method changes the shape of the cask to increase its performance. The second method 
uses heavy beams that would connect the casks at the top. To complete these analyses, four 
LS_DYNA models were developed by Ahmed Maree at the University of Nevada, Reno. Each model 





Each cask had an aspect ratio of 0.5, with the dimensions of 100” in diameter and a height of 200”. 
All four casks were place on one 50” thick concrete footing with a coefficient of friction at the 
interface of 0.5 for each cask. The ground motion used for these analyses was the original San 
Fernando Pacoima Dam earthquake. This ground motion was applied to the concrete footing and 
the response of each individual identical cask was recorded. Figure 5.46 depicts the four different 
models to be compared, where: (a) is a model of four circular freestanding casks, (b) is a model of 
four circular freestanding casks with the additional rigid mass that rests on top of the casks, (c) is 
a model of four octagonal freestanding casks, (d) is a model of four octagonal freestanding casks 
with the additional rigid mass that rests on top of the casks. Due to the low amounts of energy 
dissipation that occurs when the cask rocks and rotates about its circumference, octagonal casks 
were modeled. Using this shape forces the cask to rock about two points, which results in the cask 
impacting the footing and dissipating significantly more energy.  
Figure 5.47 compares the rocking and rotation angles for these four identical freestanding 
octagonal shaped cask without a top mass. It can be seen that the casks all follow the same trends 
and amplitudes for the X and Y directions, and it also shows similar trends for the Z rotation. All 
casks had rotations of less than 0.038 radians for the X and Y directions, and less than 0.001 
radians for the Z-direction. Cask 4 has a slightly different response than the other three casks, and 
shows that for the same ground motion each cask could have a different response and is highly 
sensitive to its initial conditions. The displacement histories show similar trends, as seen in Fig. 
5.48. It can be seen that the actual displacements are not consistent amongst the four casks. 
When mass is added to the top, like in Fig. 5.46 (d), a slight decrease in rotations in the response 
of the octagonal casks was observed. Figure 5.49 shows the rocking and rotation angles for the 





angle for these four casks was 0.028 radians and was found in the X-direction. A 15% reduction in 
rocking angle occurred when mass was added to the top of the octagonal casks. Additionally, all 
of the casks followed the same trends with no discrepancies for any individual cask. This was also 
the case for the freestanding octagonal casks without mass. Similar to the no top mass circular 
case, the displacements show variations in amplitude but have similar trends, as seen in Fig. 5.50. 
Figure 5.51 compares the X-direction rocking response of an individual octagonal cask with and 
without the top mass. It clearly shows that the top mass significantly decreases the rocking 
response of DSCs.  
The next model investigated was the four freestanding identical circular casks without a top mass. 
Figure 5.52 shows the rocking and rotation angles for the four identical freestanding circular casks. 
For the first six seconds the casks follow almost identical trends, but at around eight seconds cask 
3 begins to rotate about its vertical axis, which resulted in an extended rocking for this cask. Figure 
5.53 shows that the displacement histories followed the same trend up to six seconds, but begin 
to diverge after this point in time. When mass is added to the top of the circular casks, a significant 
increase in performance was observed. For the circular case without top mass the maximum 
rocking angle was 0.049 radians. When the top mass was added the maximum rocking angle was 
0.027 radians, as seen in Fig. 5.54, which results in a 45% reduction in rocking angle. For the no 
mass case, the casks rocked for up to 20 seconds; when mass was added to the top of the casks 
all casks quit rocking at 11 seconds. This significant reduction in seismic response can be seen in 
Fig. 5.56. A vertical displacement of 3” was recorded for the no mass case, where the addition of 
a top mass reduced this to 1.5”. The displacement histories seen in Figure 5.55 shows a reduction 
in displacements in the Z-direction, when compared to Fig. 5.53. An overall comparison of the X-





that both the octagonal configuration and the addition of a rigid mass the rests on top of the casks 
reduce the seismic response of DSCs. A comparison of the Z-direction rotations for the four cases 
can be seen in Fig. 5.58. This figure shows that the addition of a top mass significantly reduces the 
Z rotations for the circular case, but was not as effective for the octagonal case. A bar chart that 
summarizes the maximum rocking angles can be seen in Figure 5.59.  
5.5.3 Freestanding Casks Conclusions 
Figure 5.37 showed that the acceleration response of the overpack decreased with an increase in 
aspect ratio. Figure 5.39 shows that as the aspect ratio increases, the MPC’s acceleration response 
decreases. Figs. 5.41 and 5.43 show that the horizontal displacement response of the cask 
decreases as the aspect ratio increases. Figure 5.45 depicts the vertical displacement response of 
the casks, and like the rest of the responses it was found that as the aspect ratio increases the 
vertical displacement response decreases. The vertical displacements are also a good measure of 
the rocking angles experienced by the casks. As the vertical displacement at the base of the cask 
increases so does its rocking angle. For casks with a higher aspect ratio, the vertical displacements, 
which result in rocking, were less than those of a cask with a lower aspect ratio. Overall the 
relationship between the casks aspect ratio and seismic response are inversely proportional. 
Therefore, the seismic performance of DSCs increases as the aspect ratio increases. 
When analyzing alternative methods for better seismic performance of DSCs, two methods were 
proposed. The first was a change in the cask’s shape and the second was the addition of rigid mass 
that rests on top of the casks. It was found that the octagonal casks have less of a response than 
circular casks. The addition of a top mass decreases the response for both octagonal and circular 





alternative methods investigation was simplified and would warrant further investigation into the 






6 Summary, Observations, Conclusions, and Future work 
6.1 Summary 
The main objective of this study was to investigate the long-term seismic performance of Dry 
Storage Casks (DSCs). Eight shake table experiments were conducted using the shake tables at the 
University of Nevada, Reno’s Earthquake Engineering Laboratory. Using scaling and similitude 
laws, scaled casks were designed based on commercially available casks in the United States 
inventory. Commercially available casks come in a number of aspect ratios (r/hc.g.). Scaled 
specimens with aspect ratios of 0.39, 0.43, 0.56, and 0.62 were designed to cover the range of 
commercially available DSCs. In order to achieve a relicensing period of 300 years, a return period 
for the maximum credible earthquake (MCE) was found to be approximately 30,000 years. 
Numerous earthquake time histories records were scaled for original, 1,000, 10,000, and 30,000 
year events. Earthquake records for both far field and near field ground motions were used. Of 
the eight shake table experiments, three were conducted using an anchored cask with an aspect 
ratio of 0.43. The first anchored experiment was conducted on the six-degree-of-freedom (6DOF) 
shake table using a stretch anchor configuration (AC.43S-6). Due to limitations of the shake table, 
this experiment was conducted and then moved to a biaxial shake table (AC.43S-B). Using the 
biaxial shake table allowed for the cask and anchorage to be exercised to a greater extent. The 
third and final anchored cask test was conducted on a biaxial shake table and used conventional 
length anchors (AC.43C-B). The remaining five experiments were conducted on freestanding casks 
with different aspect ratios. The first freestanding experiment was FS.39. This cask had a 0.39 
aspect ratio and was the most slender cask investigated. The next aspect ratio investigated was 
0.43 (FS.43). This cask was the same specimen used during the anchored cask experiments and 





FS.56 case was investigated. This cask had a deformed baseplate, where rocking could be initiated 
by a human pushing against the cask and therefore, applied motions caused an amplified rocking 
response of the cask. A new flat baseplate was fabricated and attached to this cask. A retest of 
this cask with a new flat baseplate was conducted (FS.56r). The final experiment conducted was 
on a freestanding cask with an aspect ratio of 0.62 (FS.62).  Of the five freestanding cask 
experiments the FS.39 and FS.62 cases lacked the interaction between the MPC and overpack. An 
extensive study was conducted and presented on the repeatability of freestanding casks, and 
comparisons of performance of different cask systems: anchored and freestanding.  
6.2 Observations 
The following will summarize the observations that were witnessed during experimental tests 
conducted on anchored casks.  
 Anchor casks were effective in reducing the overall movement of casks.   
 Accelerations felt by the spent nuclear fuel does not scale linearly with the ground 
motion.  
 Horizontal accelerations exerted on the fuel assemblies are always highest at the top of 
the MPC, but the largest vertical accelerations felt by the spent nuclear fuel is at the 
center of the MPC. 
 For the original ground motions, minimal to no yielding or damage was observed in the 
systems.  
 Conventional anchor cases experience increased strain when compared to the stretch 
anchors.  
 Failure for the conventional anchors occurred were when the anchor, nut and washer 





 Allowing the anchors to act as dowel pins reduces accelerations felt by the spent nuclear 
fuel, but increases rotations of the cask. 
 For 10,000-year and 30,000-year events, the anchorage device and stretch length anchors 
experienced inelastic deformations in the anchorage device and stretch length anchors.  
 No yielding was measured within the vertical stiffeners (chairs) of the anchorage device, 
for both stretch length and conventional length anchors, while extensive yielding was 
observed at the washer/nut and anchorage device interface.  
 Even with extensive damage to portions of the anchorage device, the stretch anchor 
system never experienced tip over or rupture failure at any location.  
 The stretch anchors performed better than the conventional anchors because less 
damage was observed for all portions of the anchorage system during testing. 
The following will summarize the observations that were witnessed during experimental tests on 
freestanding casks. 
 The cask responds to ground motions in all six degrees of freedom, whether the excitation 
direction is uniaxial, biaxial, or triaxial.  
 For a relatively small PGA, very high MPC accelerations can be experienced due to the 
cask impacting the footing.  
 When subjected to the NFGM used in this study, the displacements were smaller than 
that of the FFGMs used in this study. 
 For low level and harmonic ground motions, the MPC can see a large amplification, up to 





 For low level ground motions, freestanding casks exhibit repeatable behavior, while for 
larger ground motions freestanding cask have non-repeatable behavior. 
 Cask responses are highly sensitive to the initial conditions. 
 Coupling of the modes of vibration was seen for all freestanding casks.  
 Rolling and rocking about the circumference of the cask dissipates little energy. 
 Earthquake energy is mainly lost through collisions between the footing and cask.  
 It is difficult to predict their responses and the response can differ between repeated 
cases 
 Seismic performance of DSCs increases as the aspect ratio increases. 
6.3 Conclusions 
The following conclusions were drawn from experimental results of anchored cask experiments 
 The seat plate at the nut/washer and anchorage device interface should be designed to 
remain elastic during seismic events. 
 Anchor bolts should always use rolled threads and not cut threads. 
 Stretch anchors should be used for anchored cask to provide more ductility and increased 
resilience for the system. 
The following conclusions were drawn from experimental results of freestanding casks 
experiments. 
 To decrease the seismic response, casks should be designed to have a large aspect ratios.  





 Heavy casks perform better in earthquakes than light weight casks.  
The following conclusions were drawn from experimental results for all cask configurations. 
 Composite action between the MPC and overpack would greatly reduce the accelerations 
experienced by the spent nuclear fuel. 
 Stretch anchors should be used for slender casks to reduce the probability of tip over.  
 Squat casks with an aspect ratio of 0.56 or greater should be used for the freestanding 
condition.  
The following will summarize the conclusions that were drawn from the limited LS_DYNA study 
on freestanding casks.  
 Octagonal casks have less of a response than circular casks. 
 Providing heavy beams that rest on top of and connect casks reduces the seismic response 
for both octagonal and circular cask.  
 Top mass allows individual casks to act as a unit rather than individual casks.  
 The effect of the top mass is more significant for circular casks than for octagonal ones. 
 
6.4 Future Work 
The following will outline topics that warrant further investigations. 
 Study the effects of different polygonal shaped casks. 
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2 Chapter 2 Tables 




Table 2.2– Comparison of displacement results of multiple ground motions for cask with aspect 






Name Height (in) Radius (in) Aspect Ratio (r/hcg) Weight (kips) Scale
Cask I 85.5 45.5 0.56 25 (w/o MPC) 2.5:1
Cask II 95.5 41.5 0.43 19.35 (w/o MPC) 2.5:1
MPC 69.5 26 0.39 9.8 2.5:1/3.5:1
Cask III 85.5 45.5 0.62 6.5 3.5:1
Earthquake X disp (in.) Y disp (in.) Z disp (vert, in.) X disp (in.) Y disp (in.) Z disp (vert, in.) Rotation (deg)
1. Imperial Valley-06, 1979, El Centro Array #6 0.981 0.783 1.356 1.33 1.704 2.7097 3.42
2. Imperial Valley-06, 1979, El Centro Array #7 2.378 1.692 2.108 2.976 2.552 3.697 5.32
3. Irpinia Italy, 1980, Struno 2.121 0.947 1.013 2.373 1.687 1.597 2.552
4. Morgan Hill, 1984, Coyote Lake Dam 0.959 1.73 1.047 1.503 4.01 2.028 2.637
5. Loma Prieta, 1989, Saratoga Aloha Ave 1.279 2.353 1.921 2.372 3.042 3.311 4.843
6. Erzican Turkey, 1992, Erzican 3.048 3.268 3.597 4.16 6.541 6.056 9.097
7. Kobe Japan, 1995, JMA 1.86 2.529 1.939 1.898 4.33 3.049 4.89
8. Landers, 1992, Lucerne 1.952 1.387 1.698 1.248 3.325 3.384 4.281
9. Northridge-01, 1994, Renaldi Receiving Station 2.134 4.343 1.452 3.425 7.728 2.612 3.658
10. Northridge-01, 1994, Sylmar-Olive View 2.019 1.817 1.56 2.255 3.462 2.371 3.931
11. Kocaeli Turkey, 1999, Izmit 2.294 3.578 2.748 3.154 3.832 5.104 6.939
12. Chi-Chi Taiwan, 1999, TCU065 5.669 3.705 1.874 6.589 5.297 3.619 4.725
13. Chi-Chi Taiwan, 1999, TCU102 6.259 1.814 3.291 5.024 7.018 5.888 8.317
14. Duzce Turkey, 1999, Duzce 5.61 5.388 1.834 5.003 4.86 3.013 4.624
15. Kobe Japan, 1995, Takatori 2.508 17.694 4.115 2.004 15.941 7.225 10.42
Earthquake X disp (in.) Y disp (in.) Z disp (vert, in.) X disp (in.) Y disp (in.) Z disp (vert, in.) Rotation (deg)
1. Duzce Turkey, 1999, Bolu 4.048 0.989 4.298 4.193 2.463 7.44 10.89
2. Hector Mine, 1999, Hector 5.485 9.366 4.745 4.939 10.438 7.579 12.038
3. Kocaeli Turkey, 1999, Duzce 1.487 2.018 2.571 2.469 5.246 4.541 6.488
4. Kocaeli Turkey, 1999, Arcelik 2.299 2.179 3.606 2.838 2.851 6.961 9.121
5. Landers, 1992, Yermo Fire Station 11.994 7.538 6.769 12.335 8.268 11.869 17.309
6. Landers, 1992, Coolwater 2.809 3.257 3.586 2.604 4.538 7.026 9.07
7. Manjil Iran, 1990, Abhar 9.246 3.534 7.112 11.088 6.044 13.607 18.216
8. Cape Mendocino, 1992, Rio Dell Overpass 2.304 4.306 3.226 4.443 2.437 5.836 8.152
9. Chi-Chi Taiwan, 1999, CHY101 14.778 35.335 9.837 14.504 36.073 18.261 25.618
10. Chi-Chi Taiwan, 1999, TCU045 14.867 8.58 7.109 13.161 13.663 13.996 18.21
11. Kobe Japan, 1995, Nishi-Akashi 2.624 5.584 2.242 2.664 6.823 4.361 5.657
12. Kobe Japan, 1995, Shin-Osaka 3.551 3.796 4.141 3.428 4.182 6.591 10.487
13. Loma Prieta, 1989, Capitola 3.848 4.705 4.504 3.458 4.478 8.597 11.419
14. Loma Prieta, 1989, Gilroy Array #3 2.652 1.733 3.56 2.654 3.483 5.733 9.003
15. Northridge, 1994, Beverly Hill Mulhol 2.202 5.388 3.863 2.062 3.381 7.806 9.78
Near Field Ground Motion (NFGM)
Cask Bottom Center Bottom Edge Node
Far Field Ground Motion (FFGM)









Table 2.3– Comparison of displacement results of multiple ground motions for cask with aspect 










Earthquake X disp (in.) Y disp (in.) Z disp (vert, in.) X disp (in.) Y disp (in.) Z disp (vert, in.) Rotation (deg)
1. Imperial Valley-06, 1979, El Centro Array #6 8.624 8.779 2.62 8.708 11.959 3.171 7.255
2. Imperial Valley-06, 1979, El Centro Array #7 5.048 14.665 2.85 3.697 7.604 4.715 7.896
3. Irpinia Italy, 1980, Struno 8.475 4.831 2.01 8.529 4.06 3.081 5.558
4. Morgan Hill, 1984, Coyote Lake Dam 2.887 5.289 1.41 2.914 10.502 2.381 3.896
5. Loma Prieta, 1989, Saratoga Aloha Ave 5.768 8.023 2.145 4.862 10.551 4.103 5.932
6. Erzican Turkey, 1992, Erzican 5.825 6.004 2.884 6.512 13.26 4.852 7.989
7. Kobe Japan, 1995, JMA 3.402 6.797 3.739 9.552 24.398 7.505 10.382
8. Landers, 1992, Lucerne 1.685 2.264 1.389 2.317 3.847 2.547 3.837
9. Northridge-01, 1994, Renaldi Receiving Station 12.161 9.042 3.118 12.283 8.211 4.058 8.641
10. Northridge-01, 1994, Sylmar-Olive View 1.745 2.583 1.437 2.349 7.059 1.608 3.97
11. Kocaeli Turkey, 1999, Izmit 3.239 2.171 1.962 3.317 5.167 2.871 5.425
12. Chi-Chi Taiwan, 1999, TCU065 12.835 14.232 3.518 13.755 6.532 4.812 9.762
13. Chi-Chi Taiwan, 1999, TCU102 5.366 13.172 5.554 5.115 10.251 7.171 15.524
14. Duzce Turkey, 1999, Duzce 10.115 15.013 2.662 8.597 37.514 5.281 7.371
15. Kobe Japan, 1995, Takatori 7.789 16.707 2.588 10.253 37.456 4.796 7.164
Earthquake X disp (in.) Y disp (in.) Z disp (vert, in.) X disp (in.) Y disp (in.) Z disp (vert, in.) Rotation (deg)
1. Duzce Turkey, 1999, Bolu 15.81 8.693 8.21 15.352 13.87 13.659 23.306
2. Hector Mine, 1999, Hector 13.851 4.128 4.784 14.217 15.465 7.628 13.332
3. Kocaeli Turkey, 1999, Duzce 4.776 6.794 3.472 5.704 5.959 5.886 9.633
4. Kocaeli Turkey, 1999, Arcelik 8.766 6.922 2.455 8.697 7.966 2.699 6.796
5. Landers, 1992, Yermo Fire Station 7.52 20.114 4.657 11.198 14.614 7.211 12.971
6. Landers, 1992, Coolwater 7.641 14.642 6.28 6.685 9.021 8.423 17.617
7. Manjil Iran, 1990, Abhar 7.446 9.763 3.4 8.427 8.238 4.736 9.43
8. Cape Mendocino, 1992, Rio Dell Overpass 7.45 9.858 3.457 8.124 9.812 6.133 9.589
9. Chi-Chi Taiwan, 1999, CHY101
10. Chi-Chi Taiwan, 1999, TCU045
11. Kobe Japan, 1995, Nishi-Akashi 10.255 3.211 1.792 10.239 5.773 3.516 4.954
12. Kobe Japan, 1995, Shin-Osaka 16.618 20.814 4.959 16.61 21.143 9.3 13.826
13. Loma Prieta, 1989, Capitola 12.352 7.787 3.114 12.463 10.501 6.109 8.632
14. Loma Prieta, 1989, Gilroy Array #3 18.616 9.269 6.249 18.339 15.013 10.888 17.527
15. Northridge, 1994, Beverly Hill Mulhol 28.083 10.791 8.496 30.358 15.024 12.769 24.172
Near Field Ground Motion (NFGM)
Cask Bottom Center Bottom Edge Node
Far Field Ground Motion (FFGM)






Table 2.4- Table of completed cask tests. 
 
  
Test Name Date Specimen Type Scale Table
AC.436-S 2/27/2015 Cask II Anchored 2.5:1 6DOF
AC.43B-S 3/2/2015 Cask II Anchored 2.5:1 BIAX
AC.43B-C 4/1/2015 Cask II Anchored 2.5:1 BIAX
FS.43 4/21/2015 Cask II Freestanding 2.5:1 6DOF
FS.56 (I) 5/19/2015 Cask I Freestanding 2.5:1 6DOF
FS.56 (II) 5/28/2015 Cask I Freestanding 2.5:1 6DOF
FS.39 6/8/2015 MPC Freestanding 3.5:1 6DOF





3 Chapter 3 Tables 
Table 3.1-Comparison table of ground motions ran for each cask (1 of 5). 
 
Connection: Conventional
Aspect Ratio: 0.43 0.43 0.43 0.39 0.43 0.56 0.56 0.62
Table Type: 6DOF BIAX BIAX
Name: AC.43S-6 AC.43S-B AC.43C-B FS.39 FS.43 FS.56 FS.56r FS.62




50% 1/1/1 1 1 1 1 1
60% 0/0/1
70% 0/0/1
80% 0/0/1 1 1* 2* 2*







100% 0/0/1 1/1/1* 1/0/0




80% 0/0/1 1 1
90% 0/0/1






50% 1 1 1 1
100% 1 3 3 3











Chi-Chi 1,000 yr (X,Y,Z)
(*denotes exceedance of table capacity, and stop of ground motion.)





Table 3.2- Comparison table of ground motions ran for each cask (2 of 5). 
 
Connection: Conventional
Aspect Ratio: 0.43 0.43 0.43 0.39 0.43 0.56 0.56 0.62
Table Type: 6DOF BIAX BIAX
Name: AC.43S-6 AC.43S-B AC.43C-B FS.39 FS.43 FS.56 FS.56r FS.62
# of Anchor Nuts
30% 1 1 1
50% 1 2 1* 4* 1
75% 1/0/0 4 3*
85% 1*
100% 1*/0/0 1* 1* 5
50% 1/0/0 1/0/0 2 2
75% 1/1/0 1/0/0 2 1
85% 1

























Chi-Chi 10,000 yr (X,Y,Z)
Stretch Freestanding
6DOF
10 Nuts / 5 Nuts / 0 Nuts No Anchors 
Chi-Chi 10,000 yr (X,Y)
Chi-Chi 10,000 yr (X,Z)
Chi-Chi 10,000 yr (X)
Chi-Chi 30,000 yr (X,Y,Z)
(*denotes exceedance of table capacity, and stop of ground motion.)









Aspect Ratio: 0.43 0.43 0.43 0.39 0.43 0.56 0.56 0.62
Table Type: 6DOF BIAX BIAX
Name: AC.43S-6 AC.43S-B AC.43C-B FS.39 FS.43 FS.56 FS.56r FS.62
# of Anchor Nuts
20% 1/0/0
50% 1/1/0 1 1 1 1 1









50% 1 1 1 1
70% 1*
80% 1 1 2*
100% 1 1 1* 1*




50% 1/0/0 1 1 1
60% 1*/0/0
65% 1*/0/0
75% 1 1* 1
100% 1
150%
50% 1/0/0 1/1/0 1/0/0
65% 1/1/0 1/0/0
75% 1/0/0 1/0/0 1




Erzican 1,000 yr (X,Y,Z)
Erzican 10,000 yr (X,Y,Z)
Stretch Freestanding
6DOF
10 Nuts / 5 Nuts / 0 Nuts No Anchors 
(*denotes exceedance of table capacity, and stop of ground motion.)





Table 3.4-Comparison table of ground motions ran for each cask (4 of 5). 
 
Connection: Conventional
Aspect Ratio: 0.43 0.43 0.43 0.39 0.43 0.56 0.56 0.62
Table Type: 6DOF BIAX BIAX
Name: AC.43S-6 AC.43S-B AC.43C-B FS.39 FS.43 FS.56 FS.56r FS.62
# of Anchor Nuts
20% 1 1 1
30% 1 1














50% 1 1 1
75% 2 1* 1
100% 1*
50% 1 1 1 1
85% 1
100% 1 2* 2 2
50% 1 1 1 1
80% 1 1 1
100% 1 2 2* 2
SFPD Near Field 1,000 yr (X,Y,Z)
Stretch Freestanding
6DOF
10 Nuts / 5 Nuts / 0 Nuts No Anchors 
Erzican 30,000 yr (X,Y,Z)
Erzican 30,000 yr (X,Y)
SFPD  Original (X,Y,Z)
SFPD Far Field 1,000 yr (X,Y,Z)









Aspect Ratio: 0.43 0.43 0.43 0.39 0.43 0.56 0.56 0.62
Table Type: 6DOF BIAX BIAX
Name: AC.43S-6 AC.43S-B AC.43C-B FS.39 FS.43 FS.56 FS.56r FS.62

















Ascending Sinusoidal Motion (X)
Hector Mine 30,000 yr (X,Y,Z)
Constant Sinusoidal Motion (X)
(*denotes exceedance of table capacity, and stop of ground motion.)
Stretch Freestanding
6DOF





Table 3.6- Table of Maximum Acceleration Values for AC.43S-6 test cases. 
 
Table 3.7-Table of maximum displacement and rotation values for AC.43S-6 test cases. 
 
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 50% 5 0.149 0.248 0.151 0.166 0.246 0.133 0.442 0.551 0.149 0.462 0.540 0.199
ChiChi Original 100% 5 0.358 0.441 0.269 0.307 0.445 0.275 0.937 1.214 0.292 1.041 1.196 0.343
ChiChi Original 150% 5 0.631 0.619 0.440 0.598 0.624 0.487 1.444 1.613 0.457 1.258 1.635 0.607
ChiChi Original 70% 0 0.317 0.342 0.659 0.667 0.362 0.473 1.453 0.823 0.744 1.077 0.820 0.549
ChiChi Original 100% 5 0.358 0.441 0.269 0.307 0.445 0.275 0.937 1.215 0.292 1.041 1.196 0.344
ChiChi Original 100% 10 0.414 0.468 0.284 0.342 0.452 0.297 0.950 1.019 0.380 0.927 1.064 0.294
Erzican Original 50% 5 0.331 0.207 0.148 0.347 0.209 0.173 0.612 0.425 0.151 0.671 0.446 0.224
Erzican Original 100% 5 0.613 0.418 0.476 0.678 0.397 0.323 1.2674 0.748 0.515 1.303 0.742 0.450
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 50% 5 0.207 0.169 0.288 0.195 0.169 0.147 1.199 1.355 0.327 1.174 1.425 0.206
ChiChi Original 100% 5 0.924 0.362 0.537 0.609 0.376 0.858 2.066 2.196 1.125 2.204 2.095 0.749
ChiChi Original 150% 5 1.260 0.882 0.697 1.112 0.846 1.653 2.359 5.317 1.897 4.682 5.278 2.697
ChiChi Original 70% 0 0.450 0.506 0.634 0.607 0.488 0.615 1.243 1.905 0.637 1.412 1.909 0.699
ChiChi Original 100% 5 0.924 0.362 0.537 0.609 0.377 0.858 2.066 2.196 1.125 2.204 2.095 0.750
ChiChi Original 100% 10 1.003 0.567 0.652 0.715 0.533 0.639 2.738 2.437 0.526 2.611 2.451 0.553
Erzican Original 50% 5 0.288 0.263 0.241 0.290 0.267 0.382 1.202 1.024 0.799 1.302 1.062 0.499
Erzican Original 100% 5 0.885 0.632 0.689 1.107 0.631 0.743 2.103 3.610 1.119 4.112 3.408 1.090







Bottom Of MPC Top Of MPC
Bottom Of Cask Top Of Cask





X Y Z X Y Z X Y Z X Y Z X Y
ChiChi Original 50% 5 0.084 0.108 0.220 0.037 0.108 0.016 0.220 0.189 0.022 0.297 0.229 0.016 - 0.343
ChiChi Original 100% 5 0.118 0.156 0.077 0.210 0.156 0.033 0.264 0.264 0.077 0.327 0.313 0.033 - 0.420
ChiChi Original 150% 5 0.128 0.118 0.143 0.244 0.281 0.059 0.308 0.333 0.142 0.419 0.403 0.059 - 0.457
ChiChi Original 70% 0 0.171 0.163 0.361 0.151 0.163 0.208 0.816 0.908 0.361 0.761 0.935 0.208 - 0.398
ChiChi Original 100% 5 0.118 0.156 0.077 0.210 0.156 0.033 0.263 0.264 0.077 0.327 0.313 0.033 - 0.420
ChiChi Original 100% 10 0.161 0.120 0.032 0.151 0.119 0.017 0.302 0.188 0.032 0.269 0.190 0.017 - 0.247
Erzican Original 50% 5 0.095 0.107 0.008 0.211 0.107 0.014 0.249 0.211 0.008 0.328 0.245 0.014 - 0.339
Erzican Original 100% 5 0.130 0.162 0.043 0.261 0.162 0.026 0.379 0.297 0.043 0.457 0.325 0.026 - 0.381
X Y X Y Z Z
ChiChi Original 50% 5 0.0019 0.0013 0.0014 0.0037 0.0024 0.0029
ChiChi Original 100% 5 0.0026 0.0022 0.0019 0.0046 0.0027 0.0029
ChiChi Original 150% 5 0.0035 0.0043 0.0027 0.0072 0.0041 0.0046
ChiChi Original 70% 0 0.0076 0.0095 0.0071 0.0115 0.0015 0.0013
ChiChi Original 100% 5 0.0026 0.0019 0.0019 0.0047 0.0026 0.0029
ChiChi Original 100% 10 0.0019 0.0015 0.0016 0.0034 0.0012 0.0006
Erzican Original 50% 5 0.0018 0.0012 0.0015 0.0039 0.0024 0.0029




North South North South
North South Top Bottom













Table 3.8- Table of Maximum Acceleration Values for AC.43S-B test cases. 
 
Table 3.9-Table of maximum displacement and rotation values for AC.43S-B test cases. 
 
  
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 150% 10 0.459 0.659 0.658 0.467 0.946 0.537 1.181 1.313 0.373 1.153 1.363 0.477
ChiChi 10,000  yr. 150% 10 1.113 0.911 0.912 1.369 1.218 0.855 1.972 2.576 0.892 2.353 2.648 0.854
ChiChi 30,000  yr. 150% 10 1.697 1.175 1.176 1.763 1.325 1.210 2.596 3.071 1.095 2.760 3.315 1.505
Erzican Original 150% 10 0.873 0.718 0.716 0.920 1.112 0.385 1.557 0.932 0.352 1.616 0.955 0.338
Erzican 10,000  yr. 150% 10 1.961 1.958 1.958 3.110 1.820 1.686 3.553 3.948 1.582 3.828 3.717 1.610
Erzican 30,000  yr. 150% 10 2.382 1.890 1.904 5.508 2.618 2.972 3.781 4.160 2.592 4.069 4.100 2.754
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 150% 10 1.229 1.005 0.886 1.192 0.934 0.811 3.228 2.502 1.272 3.040 2.42 0.868
ChiChi 10,000  yr. 150% 10 2.814 1.421 1.502 2.902 1.344 1.649 3.957 4.629 2.419 4.492 4.72 3.443
ChiChi 30,000  yr. 150% 10 4.274 2.885 2.156 3.670 2.764 1.821 5.766 6.337 2.668 6.939 6.350 2.984
Erzican Original 150% 10 1.271 0.764 0.574 1.756 0.777 0.500 1.805 2.190 1.157 2.785 2.2 0.608
Erzican 10,000  yr. 150% 10 3.72 3.737 1.863 2.730 3.325 2.782 4.322 8.971 4.793 5.626 6.65 3.186














Bottom Of Cask Top Of Cask
Bottom Of MPC Top Of MPC
X Y Z X Y Z X Y Z X Y Z X Y
ChiChi Original 150% 10 0.012 0.029 0.064 0.008 0.029 0.033 0.123 0.197 0.064 0.125 0.2 0.033 - 0.224
ChiChi 10,000  yr. 150% 10 0.062 0.025 0.092 0.050 0.025 0.058 0.262 0.402 0.092 0.239 0.4 0.058 - 0.241
ChiChi 30,000  yr. 150% 10 0.157 0.108 0.169 0.137 0.108 0.101 0.567 0.601 0.169 0.438 0.6 0.101 0.350 0.235
Erzican Original 150% 10 0.015 0.011 0.034 0.016 0.011 0.0249 0.154 0.211 0.034 0.211 0.21 0.025 - 0.191
Erzican 10,000  yr. 150% 10 0.095 0.205 0.158 0.294 0.205 0.1752 0.549 0.714 0.158 0.796 0.71 0.175 0.176 0.676
Erzican 30,000  yr. 150% 10 0.442 0.213 0.284 0.328 0.213 0.301 1.005 0.944 0.284 0.999 0.943 0.301 0.456 0.235
X Y X Y Z Z
ChiChi Original 150% 10 0.0012 0.0022 0.0013 0.0022 0.002 0.0003
ChiChi 10,000  yr. 150% 10 0.0024 0.0043 0.0023 0.0043 0.003 0.0023
ChiChi 30,000  yr. 150% 10 0.0048 0.0063 0.0048 0.0063 0.007 0.0064
Erzican Original 150% 10 0.0017 0.0022 0.0023 0.0022 0.002 0.0004
Erzican 10,000  yr. 150% 10 0.0061 0.0058 0.0056 0.0058 0.006 0.0070










North South Top Bottom
Displacements (in)
Rotations (radians)





Table 3.10- Table of Maximum Acceleration Values for AC.43C-B test cases. 
 
Table 3.11-Table of maximum displacement and rotation values for AC.43C-B test cases. 
 
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 150% 10 0.531 0.708 0.707 0.516 0.982 0.781 1.835 1.548 0.516 1.343 1.546 0.630
ChiChi 10,000  yr. 150% 10 1.321 1.022 1.024 1.549 1.057 1.755 2.705 3.251 1.955 2.063 2.994 1.729
ChiChi 30,000  yr. 150% 10 1.972 1.816 1.812 1.510 1.684 1.856 2.904 3.710 2.140 2.863 3.364 1.912
Erzican Original 150% 10 0.869 0.635 0.634 0.952 0.852 0.480 1.582 1.042 0.261 1.407 1.021 0.378
Erzican 10,000  yr. 150% 10 1.641 1.705 1.704 1.996 1.570 2.245 4.133 4.358 2.038 4.115 4.293 2.090
Erzican 30,000  yr. 150% 10 4.089 1.872 1.894 4.068 1.768 3.012 4.161 3.033 3.932 3.719 3.056 3.443
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 150% 10 1.140 1.445 0.927 1.507 1.522 1.288 2.697 4.245 1.668 3.669 5.02 1.374
ChiChi 10,000  yr. 150% 10 3.534 2.650 2.343 2.567 2.494 2.360 4.094 5.257 2.661 4.931 5.73 2.943
ChiChi 30,000  yr. 150% 10 3.119 2.341 2.851 3.250 2.443 3.007 5.852 7.386 4.405 4.922 5.787 3.458
Erzican Original 150% 10 1.606 0.976 0.558 1.174 0.989 0.782 1.490 1.908 1.076 3.576 2.29 0.664
Erzican 10,000  yr. 150% 10 3.195 3.029 2.946 3.780 2.924 3.125 4.359 10.09 4.885 5.465 7.08 5.045














Bottom Of Cask Top Of Cask
Bottom Of MPC Top Of MPC
X Y Z X Y Z X Y Z X Y Z X Y
ChiChi Original 150% 10 0.011 0.016 0.054 0.012 0.016 0.056 0.118 0.247 0.054 0.144 0.247 0.056 0.264 0.261
ChiChi 10,000  yr. 150% 10 0.082 0.059 0.137 0.078 0.059 0.141 0.294 0.490 0.137 0.312 0.489 0.141 0.341 0.256
ChiChi 30,000  yr. 150% 10 0.081 0.082 0.167 0.118 0.082 0.202 0.535 0.624 0.167 0.542 0.622 0.202 0.362 0.266
Erzican Original 150% 10 0.011 0.011 0.032 0.022 0.012 0.039 0.147 0.303 0.032 0.214 0.303 0.039 0.256 0.247
Erzican 10,000  yr. 150% 10 0.115 0.0937 0.200 0.157 0.094 0.273 0.646 0.833 0.200 0.706 0.836 0.273 0.303 0.250
Erzican 30,000  yr. 150% 10 0.162 0.152 0.442 0.198 0.153 0.555 1.078 1.423 0.442 1.139 1.428 0.555 0.355 0.256
X Y X Y Z Z
ChiChi Original 150% 10 0.0013 0.0027 0.0015 0.0027 0.002 2E-04
ChiChi 10,000  yr. 150% 10 0.0027 0.0052 0.0027 0.0053 0.003 0.002
ChiChi 30,000  yr. 150% 10 0.0051 0.0065 0.0049 0.0065 0.005 0.004
Erzican Original 150% 10 0.0016 0.0032 0.0023 0.0033 0.002 3E-04
Erzican 10,000  yr. 150% 10 0.0071 0.0086 0.0068 0.0086 0.005 0.0054









North South North South Center
North South Top Bottom
Displacements (in)
Rotations (radians)





Table 3.12-Table of Maximum Acceleration Values for FS.39 test cases. 
 
Table 3.13-Table of maximum displacement and rotation values for FS.39 test cases. 
 
X Y Z X Y Z X Y Z X Y Z
ChiChi 10,000  yr. 75% X 0.740 0.826 3.381 0.616 0.846 2.854 2.825 2.196 3.490 2.782 2.190 3.609
ChiChi 10,000  yr. 75% X,Y 0.766 0.788 3.489 0.829 0.740 4.243 2.375 2.374 4.572 2.488 1.992 4.633
ChiChi 10,000  yr. 75% X,Z 1.024 0.329 3.103 0.735 0.353 3.000 2.119 1.569 3.564 2.302 1.455 3.005
ChiChi 10,000  yr. 75% X,Y,Z 1.091 0.779 4.043 0.873 0.671 4.752 1.882 2.574 4.834 2.144 2.400 5.206
ChiChi 30,000  yr. 50% X,Y,Z 0.991 0.777 2.401 1.232 0.711 2.440 1.925 1.505 2.251 2.074 1.385 2.716
Erzican 30,000  yr. 50% X,Y,Z 1.717 1.741 1.296 1.098 1.587 1.243 1.500 0.879 1.258 1.381 1.859 1.105







North South North South
Accelerations (g)
Bottom Of Cask Top Of Cask
X Y Z X Y Z X Y Z X Y Z
ChiChi 10,000  yr. 75% X 3.602 1.034 1.285 5.316 1.033 1.312 5.911 3.420 1.285 8.542 3.44 1.312
ChiChi 10,000  yr. 75% X,Y 1.592 1.816 1.836 3.098 1.816 1.920 5.505 5.199 1.836 6.201 5.18 1.920
ChiChi 10,000  yr. 75% X,Z 1.510 1.154 1.203 4.544 1.155 1.190 3.598 3.264 1.203 6.628 3.26 1.190
ChiChi 10,000  yr. 75% X,Y,Z 2.533 0.836 2.597 3.002 0.839 2.111 7.084 5.729 2.597 7.528 5.8 2.111
ChiChi 30,000  yr. 50% X,Y,Z 1.742 1.847 0.835 1.519 1.839 0.874 2.856 2.818 0.835 3.567 2.81 0.874
Erzican 30,000  yr. 50% X,Y,Z 2.202 1.951 0.513 3.397 1.939 0.576 3.254 2.497 0.513 3.807 2.49 0.576
Sine - - X 1.690 0.277 1.650 2.140 0.289 2.132 8.106 3.798 1.650 10.10 3.83 2.132
X Y X Y Z Z
ChiChi 10,000  yr. 75% X 0.0751 0.0570 0.0739 0.0574 0.329 0.322
ChiChi 10,000  yr. 75% X,Y 0.0593 0.0791 0.0582 0.0795 0.158 0.156
ChiChi 10,000  yr. 75% X,Z 0.0396 0.0528 0.0392 0.0530 0.227 0.22
ChiChi 10,000  yr. 75% X,Y,Z 0.0957 0.0785 0.0965 0.0793 0.204 0.2008
ChiChi 30,000  yr. 50% X,Y,Z 0.0366 0.0439 0.0359 0.0439 0.121 0.121
Erzican 30,000  yr. 50% X,Y,Z 0.0326 0.0324 0.0332 0.0322 0.2130 0.211
























Table 3.14- PGAs for 10,000-year Chi-Chi ground motions with variations in the excitation 
directions. 
 
Table 3.15-Table of Maximum Acceleration Values for FS.43 test cases. 
 
X Y Z
Chi-Chi 10,000  yr. 75% X 0.603 0.883 2.214
Chi-Chi 10,000  yr. 75% X,Y 0.698 0.914 1.139
Chi-Chi 10,000  yr. 75% X,Z 0.601 0.285 1.797








X Y Z X Y Z X Y Z X Y Z
ChiChi Original 50% X,Y,Z 0.315 0.324 0.420 0.297 0.312 0.376 0.840 0.752 0.406 0.787 0.789 0.348
ChiChi 1,000  yr. 50% X,Y,Z 0.204 0.213 0.192 0.216 0.214 0.182 0.614 0.574 0.207 0.647 0.503 0.216
ChiChi 10,000  yr. 50% X,Y,Z 0.600 0.362 0.492 1.798 0.475 1.952 1.246 0.792 0.554 1.319 0.809 0.541
ChiChi 30,000  yr. 40% X,Y,Z 0.723 0.477 0.726 1.947 0.504 1.721 1.384 0.978 0.669 1.291 0.968 0.666
SFPD Original 25% X,Y,Z 0.355 0.248 0.311 0.344 0.265 0.278 0.727 0.713 0.296 0.802 0.666 0.309
SFPD Original 50% X,Y,Z 0.986 0.595 1.154 1.055 0.733 1.509 2.332 1.323 1.421 2.138 1.177 1.755
Sine - 40% X 0.463 0.418 0.737 0.597 0.504 0.676 1.466 0.771 0.876 1.399 0.766 0.874
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 50% X,Y,Z 0.708 0.344 0.503 0.556 0.277 0.308 1.777 2.133 1.024 2.413 2.871 0.966
ChiChi 1,000  yr. 50% X,Y,Z 0.360 0.313 0.224 0.374 0.225 0.256 1.029 0.963 0.684 1.287 1.439 0.359
ChiChi 10,000  yr. 50% X,Y,Z 1.134 0.574 1.009 1.619 0.545 0.517 1.857 3.442 1.441 3.619 3.250 1.180
ChiChi 30,000  yr. 40% X,Y,Z 1.403 0.799 0.821 2.121 0.827 0.830 1.879 2.933 1.352 3.521 3.259 1.297
SFPD Original 25% X,Y,Z 1.071 0.348 0.457 0.368 0.356 0.350 1.268 1.650 1.403 2.155 2.423 0.824
SFPD Original 50% X,Y,Z 1.582 0.717 1.558 2.157 0.791 0.770 2.071 3.026 1.792 3.200 3.716 2.105


















Bottom Of Cask Top Of Cask





Table 3.16-Table of maximum displacement and rotation values for FS.43 test cases. 
 
Table 3.17- PGAs of Chi-Chi ground motions for FS.43 test case of FFGMs with increasing return 
periods. 
 
Table 3.18- Maximum accelerations experienced by the top of the FS.43 cask during testing of 
FFGMs with increasing return periods.  
 
X Y Z X Y Z X Y Z X Y Z X Y
ChiChi Original 50% X,Y,Z 2.350 0.7748 0.250 1.4472 0.7814 0.1834 2.361 1.643 0.250 1.864 2.737 0.183 0.260 0.221
ChiChi 1,000  yr. 50% X,Y,Z 2.4138 0.9718 0.0739 1.6323 0.9823 0.0681 2.338 1.660 0.074 2.003 2.061 0.068 0.176 0.185
ChiChi 10,000  yr. 50% X,Y,Z 0.256 0.260 0.3256 1.3845 0.2608 0.2385 0.801 1.064 0.326 1.966 1.854 0.239 0.263 0.192
ChiChi 30,000  yr. 40% X,Y,Z 0.670 0.3723 0.3158 1.1079 0.3737 0.2121 0.994 1.006 0.316 1.573 1.880 0.212 0.288 0.195
SFPD Original 25% X,Y,Z 4.7989 1.2847 0.091 1.8747 1.3031 0.070 4.649 2.298 0.091 2.291 2.870 0.070 0.251 0.218
SFPD Original 50% X,Y,Z 0.5993 0.4135 0.3418 1.1838 0.4152 0.3481 1.185 1.351 0.342 2.239 2.048 0.348 0.304 0.215
Sine - 40% X 3.1504 0.995 0.1092 2.4573 1.006 0.0859 3.229 1.756 0.109 2.991 1.794 0.086 0.241 0.231
X Y X Y Z Z
ChiChi Original 50% X,Y,Z 0.0050 0.0098 0.0047 0.0139 0.0913 0.0910
ChiChi 1,000  yr. 50% X,Y,Z 0.0044 0.0078 0.0042 0.0017 0.0976 0.0971
ChiChi 10,000  yr. 50% X,Y,Z 0.0061 0.0091 0.0069 0.0179 0.0321 0.0301
ChiChi 30,000  yr. 40% X,Y,Z 0.0046 0.0067 0.0052 0.0177 0.0164 0.0150
SFPD Original 25% X,Y,Z 0.0056 0.0067 0.0048 0.0177 0.1588 0.1593
SFPD Original 50% X,Y,Z 0.0111 0.0108 0.0120 0.0120 0.0256 0.0238













North South Top Bottom
Displacements (in)
Rotations (radians)
Bottom Of Cask Top Of Cask Top Of MPC
X Y Z
Chi-Chi Original 50% X,Y,Z 0.225 0.267 0.392
Chi-Chi 1,000-yr 50% X,Y,Z 0.157 0.190 0.166
Chi-Chi 10,000-yr 50% X,Y,Z 0.405 0.421 0.656








Chi-Chi Original 50% X,Y,Z 0.840 0.752 0.406
Chi-Chi 1,000-yr 50% X,Y,Z 0.614 0.574 0.207
Chi-Chi 10,000-yr 50% X,Y,Z 1.246 0.792 0.554











Table 3.19-Table of Maximum Acceleration Values for FS.56 test cases. 
 
Table 3.20-Table of maximum displacement and rotation values for FS.56 test cases. 
 
Table 3.21-Table of Maximum Acceleration Values for FS.56R test cases. 
 
X Y Z X Y Z X Y Z X Y Z
ChiChi 1,000-yr. 100% X,Y,Z 0.854 0.390 0.585 0.437 0.356 0.571 1.057 0.976 0.628 1.468 0.965 0.646
SFPD Original 25% X,Y,Z 0.339 0.430 0.830 0.323 0.321 0.558 1.196 0.721 0.754 1.035 0.695 0.595
SFPD (NF) 1,000-yr. 80% X,Y,Z 0.346 0.284 0.316 0.353 0.284 0.345 0.743 0.397 0.291 0.845 0.424 0.385
X Y Z X Y Z X Y Z X Y Z
ChiChi 1,000-yr. 100% X,Y,Z 0.479 0.386 0.731 0.573 0.400 0.694 3.306 1.569 0.729 3.303 1.693 0.726
SFPD Original 25% X,Y,Z 0.384 0.370 0.583 0.313 0.373 0.422 1.375 1.450 0.601 1.671 1.499 0.571


















Bottom Of Cask Top Of Cask
Bottom Of MPC Top Of MPC
X Y Z X Y Z X Y Z X Y Z X Y
ChiChi 1,000-yr. 100% X,Y,Z 0.177 0.253 0.536 0.6289 0.2537 0.2794 0.803 1.064 0.536 0.468 1.066 0.279 0.125 0.112
SFPD Original 25% X,Y,Z 0.513 0.375 0.324 0.9777 0.3756 0.2077 1.143 0.809 0.324 0.830 0.809 0.208 0.071 0.105
SFPD (NF) 1,000-yr. 80% X,Y,Z 0.357 0.734 0.249 0.2343 0.7369 0.084 0.303 0.921 0.249 0.353 0.921 0.084 0.043 0.086
X Y X Y Z Z
ChiChi 1,000-yr. 100% X,Y,Z 0.0086 0.0146 0.0085 0.0146 0.0179 0.0171
SFPD Original 25% X,Y,Z 0.0079 0.0098 0.0072 0.0098 0.0337 0.0326













North South North South Center
North South Top Bottom
Displacements (in)
Rotations (radians)
Bottom Of Cask Top Of Cask Top Of MPC
X Y Z X Y Z X Y Z X Y Z
ChiChi 1,000-yr. 100% X,Y,Z 0.394 0.341 0.471 0.363 0.368 0.434 0.720 1.355 0.454 0.689 1.301 0.450
SFPD Original 25% X,Y,Z 0.379 0.297 0.289 0.376 0.311 0.337 0.628 0.680 0.304 0.628 0.695 0.361
SFPD (NF) 1,000-yr. 80% X,Y,Z 0.295 0.297 0.616 0.352 0.315 0.619 0.614 0.977 0.554 0.907 0.975 0.563
X Y Z X Y Z X Y Z X Y Z
ChiChi 1,000-yr. 100% X,Y,Z 1.076 0.916 1.719 0.944 0.911 0.459 3.796 1.728 1.050 4.100 3.093 1.061
SFPD Original 25% X,Y,Z 0.415 0.272 0.348 0.401 0.278 0.277 0.922 1.185 0.294 0.959 1.243 0.294


















Bottom Of Cask Top Of Cask





Table 3.22-Table of maximum displacement and rotation values for FS.56R test cases. 
 
Table 3.23-Table of Maximum Acceleration and displacement values for FS.62 test cases. 
 
X Y Z X Y Z X Y Z X Y Z X Y
ChiChi 1,000-yr. 100% X,Y,Z 0.039 0.036 0.057 0.077 0.036 0.092 0.411 0.286 0.057 1.190 1.018 0.092 0.153 0.233
SFPD Original 25% X,Y,Z 0.015 0.108 0.030 0.231 0.108 0.041 0.349 0.288 0.030 1.693 0.875 0.041 0.049 0.048
SFPD (NF) 1,000-yr. 80% X,Y,Z 0.090 0.117 0.059 0.110 0.117 0.056 0.246 0.272 0.059 0.596 0.826 0.056 0.168 0.092
X Y X Y Z Z
ChiChi 1,000-yr. 100% X,Y,Z 0.0046 0.0030 0.0147 0.0126 0.0019 0.0019
SFPD Original 25% X,Y,Z 0.0041 0.0022 0.0230 0.0093 0.0051 0.0051













North South North South Center
North South Top Bottom
Displacements (in)
Rotations (radians)
Bottom Of Cask Top Of Cask Top Of MPC
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 100% X,Y,Z 3.021 1.727 5.456 1.425 2.048 4.764 1.618 2.359 5.382 1.965 1.942 4.524
ChiChi 10,000-yr 100% X,Y,Z 2.170 3.207 5.739 3.950 2.565 7.069 3.121 4.248 5.554 3.161 5.389 7.512
ChiChi 30,000-yr 100% X,Y,Z 4.326 3.834 8.243 4.064 4.276 7.027 3.710 3.945 9.143 4.144 3.965 7.370
Erzican Original 100% X,Y,Z 2.937 1.335 3.421 1.988 2.029 2.722 2.440 2.359 3.516 2.503 1.542 2.503
Erzican 10,000-yr 100% X,Y,Z 2.609 2.649 3.173 3.580 4.940 3.862 4.659 4.073 4.701 2.924 5.240 4.713
Erzican 30,000-yr 100% X,Y,Z 3.260 3.158 5.709 3.048 4.793 6.375 5.120 3.303 5.157 6.728 4.872 5.036
Hector 30,000-yr 50% X,Y,Z 3.342 2.009 4.487 2.311 1.939 4.900 3.984 6.003 4.825 3.179 3.847 6.697
Hector 30,000-yr 75% X,Y,Z 2.505 2.243 4.887 2.227 2.398 4.931 2.250 3.587 4.718 2.525 2.613 5.272
Sinusodial - 45% X 1.347 0.388 0.611 1.199 0.403 0.663 1.016 0.877 0.638 0.950 0.809 0.703
Sinusodial - 65% X 2.121 0.739 3.861 2.264 0.801 4.637 2.754 2.157 3.941 2.557 2.400 4.711
X Y Z X Y Z X Y Z X Y Z
ChiChi Original 100% X,Y,Z 0.543 0.242 0.389 0.559 0.242 0.285 0.944 0.649 0.389 0.624 0.651 0.285
ChiChi 10,000-yr 100% X,Y,Z 14.09 1.880 2.022 9.964 1.871 2.099 10.54 4.954 2.022 4.818 5.118 2.099
ChiChi 30,000-yr 100% X,Y,Z 14.29 1.295 1.877 12.60 1.296 1.442 7.374 2.706 1.877 4.650 2.754 1.442
Erzican Original 100% X,Y,Z 6.589 0.627 0.459 7.555 0.627 0.581 2.953 0.878 0.459 1.723 0.889 0.581
Erzican 10,000-yr 100% X,Y,Z 15.22 1.603 0.443 13.19 1.603 0.586 1.941 1.700 0.443 3.341 1.781 0.586
Erzican 30,000-yr 100% X,Y,Z 21.92 1.930 0.564 20.30 1.930 0.713 3.695 4.475 0.564 3.499 4.886 0.713
Hector 30,000-yr 50% X,Y,Z 5.760 1.004 1.790 6.020 1.001 1.638 7.493 3.712 1.790 8.091 3.780 1.638
Hector 30,000-yr 75% X,Y,Z 16.93 20.87 4.894 36.83 20.81 5.304 24.24 36.32 4.894 31.05 43.85 5.304
Sinusodial - 45% X 4.525 1.039 0.035 2.391 1.038 0.080 4.810 1.054 0.035 2.509 1.049 0.080


















Bottom Of Cask Top Of Cask





Table 3.24-Table of Maximum rotation values for FS.62 test cases. 
 
Table 3.25- Table of PGAs for the FFGMs of interest for this section. 
 
Table 3.26- Table of PGAs for the NFGMs of interest for this section. 
 
Table 3.27- Table of measured absolute accelerations at north top corner of specimen, for the 
NFGMs of interest for this section. 
 
  
X Y X Y Z Z
ChiChi Original 100% X,Y,Z 0.0103 0.0101 0.0133 0.0084 0.0335 0.0230
ChiChi 10,000-yr 100% X,Y,Z 0.1069 0.0840 0.1784 0.0402 0.2344 0.2498
ChiChi 30,000-yr 100% X,Y,Z 0.1454 0.0314 0.1854 0.0380 0.1814 0.1928
Erzican Original 100% X,Y,Z 0.0744 0.0186 0.1133 0.0051 0.0346 0.0497
Erzican 10,000-yr 100% X,Y,Z 0.1821 0.0392 0.1999 0.0183 0.0872 0.0610
Erzican 30,000-yr 100% X,Y,Z 0.2436 0.0788 0.2831 0.0366 0.0648 0.0634
Hector 30,000-yr 50% X,Y,Z 0.0502 0.0575 0.1724 0.0381 0.1531 0.1546
Hector 30,000-yr 75% X,Y,Z 0.1371 0.4342 0.6709 0.5963 0.8324 0.83467
Sinusodial - 45% X 0.0038 0.0257 0.0604 0.0018 0.1594 0.0501











ChiChi Original 100% X,Y,Z 0.6864 0.9302 1.4403
ChiChi 10,000-yr 100% X,Y,Z 1.3222 1.6053 2.5685









Erzican Original 100% X,Y,Z 0.6401 0.4686 1.1604
Erzican 10,000-yr 100% X,Y,Z 1.2314 2.0049 2.8141









Erzican Original 100% X,Y,Z 2.4403 2.3592 3.5163
Erzican 10,000-yr 100% X,Y,Z 4.6590 4.0731 4.7010












4 Chapter 4 Tables 
Table 4.1- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.39 cask subjected to an X-direction ground motion. 
 
Table 4.2- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.39 cask subjected to an XY-direction ground motion. 
 
Table 4.3- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.39 cask subjected to an XZ-direction ground motion. 
 
Table 4.4- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.39 cask subjected to an XYZ-direction ground motion. 
 
Table 4.5- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.43 cask subjected to an XY-direction ground motion. 
 
  
X Y X Y X Y
Run 1 -0.322 -0.016 0.116 0.214 0.063 0.146
Run 2 -0.276 -0.183 3.351 0.510 2.802 0.144
Run 3 -3.626 -0.107 0.252 1.136 -0.856 0.972
Min. Displacement
Iteration
Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -1.552 -0.142 0.685 0.726 0.081 0.469
Run 2 -0.838 -0.634 1.064 0.477 -0.121 -0.380
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.167 -0.352 0.714 0.046 0.285 -0.153
Run 2 -0.922 -0.253 1.835 0.349 -0.431 -0.087
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -1.985 -0.383 0.885 0.913 0.642 0.770
Run 2 -0.727 -0.255 1.723 0.318 1.691 -0.004
Run 3 -1.985 -0.212 0.032 1.016 -1.551 0.701
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.051 -0.039 0.075 0.025 0.047 -0.021
Run 2 -0.063 -0.021 0.067 0.044 0.040 -0.003
Run 3 -0.060 -0.021 0.051 0.044 0.016 0.015
Iteration






Table 4.6- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.43 cask subjected to an XYZ-direction ground motion. 
 
Table 4.7- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.56 cask subjected to an XYZ-direction ground motion. 
 
Table 4.8- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.56 cask subjected to an XYZ-direction Chi-Chi FFGM. 
 
Table 4.9- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.56 cask subjected to an XYZ-direction Erzican NFGM. 
 
Table 4.10- Comparison of PGAs for the FFGMs and NFGMs for the FS.62 cask.  
 
X Y X Y X Y
Run 1 -0.066 -0.024 0.022 0.049 -0.016 0.035
Run 2 -0.062 -0.018 0.066 0.038 0.014 0.029
Run 3 -0.072 -0.024 0.068 0.050 -0.024 0.039
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.045 -0.106 0.163 0.050 0.145 -0.087
Run 2 -0.023 -0.100 0.098 0.048 0.077 -0.020
Run 3 -0.024 -0.121 0.122 0.051 0.118 -0.014
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.048 -0.023 0.015 0.004 -0.035 -0.012
Run 2 -0.051 -0.032 0.012 0.003 -0.040 -0.022
Run 3 -0.036 -0.029 0.011 0.004 -0.027 -0.021
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.019 -0.020 0.014 0.022 0.002 0.001
Run 2 -0.024 -0.023 0.011 0.025 0.000 -0.001
Run 3 -0.044 -0.032 0.008 0.037 -0.015 -0.001
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y Z X Y Z
Run 1 0.337 0.458 0.357 0.381 0.447 0.499
Run 2 0.322 0.392 0.504 0.321 0.427 0.631







Table 4.11- Comparison of rocking and rotation angles for the FFGMs and NFGMs for the FS.62 
cask. 
 
Table 4.12- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.62 cask subjected to an X-direction ground motion. 
 
Table 4.13- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.62 cask subjected to an XZ-direction ground motion. 
 
Table 4.14- Table comparing maximum, minimum, and final displacements for the bottom north 
corner of the FS.62 cask subjected to an XYZ-direction ground motion. 
 
 
X Y Z X Y Z
Run 1 0.002 0.002 0.001 0.002 0.001 0.001
Run 2 0.002 0.002 0.001 0.002 0.002 0.001
Run 3 0.002 0.002 0.001 0.002 0.002 0.001
Iteration
Chi-Chi Erzican
X Y X Y X Y
Run 1 -0.628 -0.137 0.165 0.235 -0.022 0.036
Run 2 -0.247 -0.688 0.598 0.057 0.490 -0.634
Run 3 -0.488 -0.338 0.126 0.149 -0.265 -0.325
Run 4 -0.029 -0.005 1.024 0.581 0.976 0.274
Run 5 -0.506 -0.200 0.956 0.352 0.906 -0.179
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -0.996 -0.107 0.493 0.367 -0.896 0.284
Run 2 -0.460 -0.217 0.304 0.130 -0.310 -0.020
Run 3 -0.129 -0.610 0.497 0.055 0.330 -0.584
Run 4 -0.864 -0.568 0.209 0.062 -0.612 -0.551
Run 5 -0.557 -0.489 0.841 0.125 -0.130 -0.385
Iteration
Min. Displacement Max. Displacement Final Displacement
X Y X Y X Y
Run 1 -7.686 -0.214 0.932 1.349 -7.013 0.547
Run 2 -3.139 -2.129 0.162 0.346 -0.966 -1.954
Run 3 -2.431 -0.206 1.320 1.096 1.075 0.619
Run 4 -1.351 -1.305 7.276 0.299 4.990 -1.036
Run 5 -0.032 -0.950 7.381 1.185 7.001 -0.204
Iteration
















FS.39 0.39 1/3.5 X 75%-10,000-yr. (FFGM) No
FS.39 0.39 1/3.5 XY 75%-10,000-yr. (FFGM) No
FS.39 0.39 1/3.5 XZ 75%-10,000-yr. (FFGM) No
FS.39 0.39 1/3.5 XYZ 75%-10,000-yr. (FFGM) No
FS.43 0.43 1/2.5 XY 100%-1,000-yr. (FFGM) Yes
FS.43 0.43 1/2.5 XYZ 100%-1,000-yr. (FFGM) Yes
FS.56 0.56 1/2.5 XYZ 100%-1,000-yr. (FFGM) Yes
FS.56r 0.56 1/2.5 XYZ 100%-1,000-yr. (FFGM) Yes
FS.56r 0.56 1/2.5 XYZ 30%-10,000-yr. (NFGM) Yes
FS.62 0.62 1/3.5 X 100%-10,000-yr. (FFGM) No
FS.62 0.62 1/3.5 XZ 100%-10,000-yr. (FFGM) No





2 Chapter 2 Figures 
 
Figure 2.1 - Figure of canisteriazed cask systems. 
 
 
Figure 2.2- Comparison of aspect ratios of commercially available casks and the aspect ratios of 














Figure 2.3-Comparison of prototype and scaled specimen contact stresses. 
 
 







Figure 2.5-Principle stresses in the overpack shell for anchored cases. 
 
Figure 2.6- Von Mises stress concentration in the overpack shell for anchored cases with 





























































































































































































Figure 2.37-Assembly of lead weights into panel, prior to wrapping in plastic. 
 
 

























Figure 2.42- Stretch anchor footing prior to casting of concrete. 
 
 







Figure 2.44- Freestanding footing reinforcing cage prior to placement of concrete. 
 
 






Figure 2.46- Photograph of smooth finished footing surface. 
 






Figure 2.48–1 Hz Spectral Acceleration Hazard Curve for WUS from NUREG 6728. 
 
 


























1000-yr event WUS horizontal rock spectra
1000-yr event M=6 R=2 km
WUS horizontal
1000-yr event M=8 R=50
km WUS horizontal
1000-year even M-6 R=2
km WUS vertical






































10,000-yr event WUS horizontal rock spectra
10000-yr event M=6 R=2
km WUS horizontal
10000-yr event M=8 R=20
km WUS horizontal
10000-year even M-6 R=2
km WUS vertical





























30,000-yr event WUS horizontal rock spectra
30000-yr event M=6 R=2
km WUS horizontal
30000-yr event M=8 R=20
km WUS horizontal
30000-year even M-6 R=2
km WUS vertical








Figure 2.52– Acceleration Time Histories for Original Chi-Chi Ground Motion. 
 





































Figure 2.54– Acceleration Time Histories for 10,000 year Spectrally Matched Chi-Chi Ground 
Motion. 
 





































Figure 2.56– Acceleration Time Histories for Original Erzican Ground Motion. 
 





































Figure 2.58– Acceleration Time Histories for 10,000 year Spectrally Matched Erzican Ground 
Motion. 
 





































Figure 2.60– Acceleration Time Histories for Original SFPD Ground Motion. 
 







Figure 2.62– Acceleration Time Histories for 1,000 year Near Field Spectrally Matched SFPD 
Ground Motion. 
 
Figure 2.63– Acceleration Time Histories for 10,000 year Near Field Spectrally Matched 
SFPD Ground Motion. 
time [sec]




10,000 yr Near Field Spectrally Matched Time Histories for the SFPD 1971 Earthquake
time [sec]














Figure 2.64– Comparison of FEM displacement histories used for Ground Motion selection. 
 
 







Figure 2.66– Original acceleration time histories for Landers earthquake. 
 
 
Figure 2.67– Original acceleration time histories for Landers earthquake. 
time [sec]




Original Time Histories for Loma Prieta 1989 Earthquake
time [sec]















Figure 2.68 – Constant amplitude (0.6 g’s) Sinusoidal loading protocol. 
 
Figure 2.69– Increasing amplitude Sinusoidal loading protocol. 
time [sec]










Sine Wave Loading for MPC
time [sec]





































Figure 2.73- View of gap between footing and cask. 
 
 















































































































































































































































































Figure 2.119- Stress-Strain diagram for steel coupon tests. 
 
 
Figure 2.120-Photograph of failed coupons from material testing. 
Strain [in/in]



















Figure 2.121- Stress-Strain relationship of 16" anchor bolts. 
 
 
Figure 2.122-Photograph of failed 16" anchor bolts. 
Strain [in/in]

















Figure 2.123-Photograph of failed 8" anchor bolts. 
 
 
Figure 2.124- Stress-Strain relationship of 8" anchor bolts. 
Strain [in/in]

















Figure 2.125-Stress-Strain Diagram for Reinforcing bars. 
 
 
Figure 2.126- Photograph of failed reinforcing bars. 
Strain [in/in]











































3 Chapter 3 Figures 
 


















Figure 3.4-Comparison of input accelerations vs. resulting Overpack and MPC accelerations for 
the y-direction of the AC.43S-6 test case. 
 
Figure 3.5- Acceleration time history for bottom north corner of Specimen for AC.43S-6. 
X-direction, [sec]























Figure 3.6- Acceleration time histories for top north corner of Specimen for AC.43S-6. 
 

































Figure 3.8- Overpack displacements at north top corner of specimen 
 































Figure 3.10- Plot of displacement history for 150% ChiChi ground motion for AC.43S-6. 
 
































Figure 3.12- Comparison of MPC accelerations at different heights. 
 
Figure 3.13- Graph showing quadratic fit of input accelerations and the resulting accelerations at 
the top of the MPC. 
Ground Acceleration [g`s]




















Figure 3.14-Acceleration time history for the top north corner of specimen AC.43S-6, using 50% 
and 100% of original Erzican ground motion. 
 
Figure 3.15- Plot of displacement history for the top north corner of specimen for AC.43S-6 test 

























Figure 3.16- Comparison of accelerations at different elevations within the MPC for the x-
direction, for AC.43S-6 near field test cases. 
 
Figure 3.17- Comparison of accelerations at different elevations within the MPC for the y-






Figure 3.18- Comparison of accelerations at different elevations within the MPC for the z-
direction, for AC.43S-6near field test cases. 
 
 













Figure 3.21- Strain profile for the three AC.43S-B NFGM's for bolt #1. 
 




































Figure 3.25-Strain Hysteresis loop for anchor seat strain gauge located at the nut/washer and 












Figure 3.26-Figure depicting extension of the anchor bolt and yielding of the seat after a ground 






Figure 3.27-Comparison of x-direction accelerations for FFGMs and increasing return periods. 
 
Figure 3.28- Strain profiles for one anchor location subjected to a NFGM. 
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Figure 3.29- Hysteresis loop for anchor bolt #10, subjected to a NFGM. 
 






























Figure 3.31-Comparison of x-direction accelerations for NFGMs and increasing return periods. 
 





















Figure 3.33-Acceleration time history from 8 sec. to 8.3 sec., illustrating the out of phase 













Figure 3.35-Maximum and minimum strains measured for AC.43C-B test case at anchor bolt #10. 
 
Figure 3.36- Strain profile for the three FFGMs of increasing return periods for the AC.43C-B test 
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Figure 3.37-Strain Hysteresis loop for anchor seat strain gauge located at the nut/washer and 
anchorage device interface. 
 




















Figure 3.39-Comparison of y-direction accelerations for FFGMs and increasing return periods. 
 
Figure 3.40-Strain Hysteresis loop for anchor seat strain gauge, located at the nut/washer and 
anchorage device interface. 
Force, [kips]














Figure 3.41-Damage that occurred to anchor #5, prior to testing of 150% of 30,000-year Erzican 













Figure 3.43- Acceleration comparison for the x-direction for NFGMs of increasing return periods, 
shows in-phase movement between the MPC and overpack. . 
 
Figure 3.44- Acceleration comparison for the x-direction for NFGMs of increasing return periods, 












Figure 3.46- Rocking and Rotation angles for FS.39 test cases covering variation of anchors. 
 










































Figure 3.48-3-dimensional base displacements of overpack northern corner of specimen. 
 




















Figure 3.50-Acceleration time histories for the bottom north corner of cask, subjected to the 
30,000-year Chi-Chi ground motion scaled at 50%. 
 
Figure 3.51-Acceleration time histories for the top north corner of cask, subjected to the 30,000-
























Figure 3.52-Displacement time histories for the bottom north corner of cask, subjected to the 
30,000-year Chi-Chi ground motion scaled at 50%. 
 
Figure 3.53-Displacement time histories for the top north corner of cask, subjected to the 


















Figure 3.54-Rotation time histories for cask, subjected to the 30,000-year Chi-Chi ground motion 
scaled at 50%. 
 
Figure 3.55-Acceleration time histories for the bottom north corner of cask, subjected to the 






























Figure 3.56-Acceleration time histories for the top north corner of cask, subjected to the 30,000-
year Erzican ground motion scaled at 50%. 
 
Figure 3.57-Displacement time histories for the bottom north corner of cask, subjected to the 





















Figure 3.58-Displacement time histories for the top north corner of cask, subjected to the 
30,000-year Erzican ground motion scaled at 50%. 
 
Figure 3.59-Rotation time histories for cask, subjected to the 30,000-year Erzican ground motion 



























Figure 3.60-Acceleration time histories for the bottom north corner of cask, subjected to a 
sinusoidal ground motion scaled at 50%. 
 
Figure 3.61-Acceleration time histories for the top north corner of cask, subjected to a sinusoidal 
























Figure 3.62-Displacement time histories for the bottom north corner of cask, subjected to a 
sinusoidal ground motion scaled at 50%. 
 
Figure 3.63-Displacement time histories for the top north corner of cask, subjected to a 


















Figure 3.64-Rotation time histories for cask, subjected to a sinusoidal ground motion scaled at 
50%. 
 






















Figure 3.66- Comparison of Y-direction accelerations for Chi-Chi ground motions for FS.43 test 
cases. 
 
Figure 3.67-Displacement time histories for the bottom north corner of cask, subjected to 












Figure 3.68-Rotation time histories for cask, subjected to subjected to different length return 
period FFGMs. 
 



















Figure 3.70-Comparison of Y-direction accelerations for SFPD ground motions for FS.43 test 
cases. 
 













Figure 3.72-Rotation time histories for cask, subjected to subjected to SFPD ground motion. 
 
Figure 3.73-Acceleration time histories for the top south corner of FS.43 overpack, subjected to 


































Figure 3.74-Acceleration time histories for the top south corner of FS.43 MPC, subjected to 
ascending sinusoidal ground motion. 
 
















Figure 3.76-Displacement time histories for the bottom south corner of FS.43 overpack, 
subjected to ascending sinusoidal ground motion. 
 
Figure 3.77-Displacement time histories for the bottom center of FS.43 overpack, subjected to 


















Figure 3.78-Rotational time histories for the bottom center of FS.43 overpack, subjected to 
























Figure 3.80- Figure showing gap at base of FS.56 cask due to the convex baseplate. 
 
Figure 3.81-Acceleration time histories for the top north corner of FS.56 cask, subjected to a Chi-
Chi FFGM. 
X-direction, [sec]





















Figure 3.82- Acceleration comparison for the X-direction for a Chi-Chi FFGM for FS.56 cask.
 
Figure 3.83-Displacement time histories for the north edge of FS.56 cask, subjected to a Chi-Chi 
FFGM. 
X-direction, [sec]
























Figure 3.84-Rotation time histories for the north edge of FS.56 cask, subjected to a Chi-Chi 
FFGM. 
 




























Figure 3.86- Acceleration comparison for the X-direction for an SFPD NFGM for FS.56 cask. 
 
Figure 3.87-Displacement time histories for the north edge of FS.56 cask, subjected to an SFPD 
NFGM. 
X-direction, [sec]























Figure 3.88-Rotation time histories for the north edge of FS.56 cask, subjected to an SFPD 
NFGM. 
 
Figure 3.89-Acceleration time histories for the top north corner of FS.56 cask, subjected to the 



























Figure 3.90- Acceleration comparison for the X-direction for the original SFPD ground motion for 
FS.56 cask. 
 







Figure 3.92-Dispalcement time histories for the top north corner of FS.56 cask, subjected to the 
original SFPD ground motion. 
 
Figure 3.93-Rotation time histories for the top north corner of FS.56 cask, subjected to the 































Figure 3.95- Image of FS.56r overpack being shimmed plumb, prior to attachment of new base 
plate. 
 






Figure 3.97-Acceleration time histories for the top north corner of FS.56r cask, subjected to a 
Chi-Chi FFGM. 
 















Figure 3.99-Displacement time histories for the north edge of FS.56r cask, subjected to a Chi-Chi 
FFGM. 
 

























Figure 3.101-Acceleration time histories for the top north corner of FS.56r cask, subjected to the 
SFPD NFGM. 
 















Figure 3.103-Displacement time histories for the north edge of FS.56r cask, subjected to an SFPD 
NFGM. 
 

























Figure 3.105-Acceleration time histories for the top north corner of FS.56r cask, subjected to the 
original SFPD ground motion. 
 
Figure 3.106- Acceleration comparison for the X-direction for the original SFPD ground motion 















Figure 3.107- Acceleration comparison for the Y-direction for the original SFPD ground motion 
for FS.56r cask. 
 
Figure 3.108-Dispalcement time histories for the top north corner of FS.56r cask, subjected to 












Figure 3.109-Dispalcement time histories for the top south corner of FS.56r cask, subjected to 
the original SFPD ground motion. 
 
Figure 3.110-Rotation time histories for the top south corner of FS.56r cask, subjected to the 































Figure 3.112-Acceleration time histories for the top north corner of FS.62 cask, subjected to Chi-
Chi FFGMs of increasing return period. 
 
Figure 3.113-Acceleration comparison for the top north corner of FS.62 cask, subjected to Chi-















Figure 3.114-Displacement time histories for the top north corner of FS.62 cask, subjected to 
Chi-Chi FFGMs of increasing return period. 
 
Figure 3.115-Rotation time histories for the top north corner of FS.62 cask, subjected to Chi-Chi 
























Figure 3.116-Acceleration time histories for the top north corner of FS.62 cask, subjected to 
Erzican NFGMs of increasing return period. 
 
Figure 3.117-Acceleration comparison for the top north corner of FS.62 cask, subjected to 















Figure 3.118-Displacement time histories for the top north corner of FS.62 cask, subjected to 
Erzican NFGMs of increasing return period. 
 
Figure 3.119-Rotation time histories for the top north corner of FS.62 cask, subjected to Erzican 
























Figure 3.120-Acceleration time histories for the top north corner of FS.62 cask, subjected to a 
sinusoidal ground motion. 
 
Figure 3.121-Acceleration comparison for the top north corner of FS.62 cask, subjected to a 















Figure 3.122-Displacement time histories for the top north corner of FS.62 cask, subjected to a 
sinusoidal ground motion. 
 
Figure 3.123-Rotation time histories for the top north corner of FS.62 cask, subjected to a 
























Figure 3.124-Acceleration time histories for the top north corner of FS.62 cask, subjected to a 
Hector Mine ground motion. 
 
Figure 3.125-Acceleration comparison for the top north corner of FS.62 cask, subjected to a 















Figure 3.126-Displacement time histories for the top north corner of FS.62 cask, subjected to a 
Hector Mine ground motion. 
 
Figure 3.127-Rotation time histories for the top north corner of FS.62 cask, subjected to a 























4 Chapter 4 Figures 
 
Figure 4.1-LS-DYNA model vertical axis rotation angle response in X-direction for shifted 
specimens [21]. 
 







Figure 4.3- Shake table spectra content for FS.39 experimental case subjected to X-direction 
excitation. 
 

























Figure 4.5- Overpack acceleration time histories for the north top corner of the FS.39 















Figure 4.6- Horizontal displacement time histories at different locations for the FS.39 
experimental case subjected to an X-direction excitation. 
North Bottom Corner, [in]














South Bottom Corner, [in]
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South Top Corner, [in]









Figure 4.7- Vertical displacement time histories at different locations for the FS.39 experimental 
case subjected to an X-direction excitation. 
 

























Figure 4.9- Shake table spectra content for FS.39 experimental case subjected to XY-direction 
excitation. 
 

























Figure 4.11- Overpack acceleration time histories for the north top corner of the FS.39 















Figure 4.12- Horizontal displacement time histories at different locations for the FS.39 
experimental case subjected to an XY-direction excitation. 
North Bottom Corner, [in]
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Figure 4.13- Vertical displacement time histories at different locations for the FS.39 
experimental case subjected to an XY-direction excitation. 
 

























Figure 4.15- Shake table spectra content for FS.39 experimental case subjected to XZ-direction 
excitation. 
 

























Figure 4.17- Overpack acceleration time histories for the north top corner of the FS.39 















Figure 4.18- Horizontal displacement time histories at different locations for the FS.39 
experimental case subjected to an XZ-direction excitation. 
North Bottom Corner, [in]
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Figure 4.19- Vertical displacement time histories at different locations for the FS.39 
experimental case subjected to an XZ-direction excitation. 
 

























Figure 4.21- Shake table spectra content for FS.39 experimental case subjected to XYZ-direction 
excitation. 
 

























Figure 4.23- Overpack acceleration time histories for the north top corner of the FS.39 















Figure 4.24- Horizontal displacement time histories at different locations for the FS.39 
experimental case subjected to an XYZ-direction excitation. 
North Bottom Corner, [in]
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Figure 4.25- Vertical displacement time histories at different locations for the FS.39 
experimental case subjected to an XYZ-direction excitation. 
 

























Figure 4.27- Shake table spectra content for FS.43 experimental case subjected to XY-direction 
excitation. 
 

























Figure 4.29- Overpack acceleration time histories for the north top corner of the FS.43 















Figure 4.30- Horizontal displacement time histories at different locations for the FS.43 
experimental case subjected to an XY-direction excitation. 
North Bottom Corner, [in]
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Figure 4.31- Vertical displacement time histories at different locations for the FS.43 
experimental case subjected to an XY-direction excitation. 
 

























Figure 4.33- Shake table spectra content for FS.43 experimental case subjected to XYZ-direction 
excitation. 
 


























Figure 4.35- Overpack acceleration time histories for the north top corner of the FS.43 
















Figure 4.36- Horizontal displacement time histories at different locations for the FS.43 
experimental case subjected to an XYZ-direction excitation. 
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Figure 4.37- Vertical displacement time histories at different locations for the FS.43 
experimental case subjected to an XYZ-direction excitation. 
 

























Figure 4.39- Shake table spectra content for FS.56 experimental case subjected to XYZ-direction 
excitation. 
 

























Figure 4.41- Overpack acceleration time histories for the north top corner of the FS.56 















Figure 4.42- Horizontal displacement time histories at different locations for the FS.56 
experimental case subjected to an XYZ-direction excitation. 
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Figure 4.43- Vertical displacement time histories at different locations for the FS.56 
experimental case subjected to an XYZ-direction excitation. 
 

























Figure 4.45- Shake table spectra content for FS.56r experimental case subjected to XYZ-direction 
Chi-Chi FFGMs. 
 
Figure 4.46- Shake table acceleration time histories for FS.56r experimental case subjected to an 
























Figure 4.47- Overpack acceleration time histories for the north top corner of the FS.56r 















Figure 4.48- Horizontal displacement time histories at different locations for the FS.56r 
experimental case subjected to an XYZ-direction Chi-Chi FFGMs. 
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Figure 4.49- Vertical displacement time histories at different locations for the FS.56r 













Figure 4.50- Rotation time histories for the FS.56r experimental case subjected to an XYZ-
direction Chi-Chi FFGMs. 
 




























Figure 4.52- Shake table acceleration time histories for FS.56r experimental case subjected to an 
XYZ-direction Erzican NFGMs. 
 
Figure 4.53- Overpack acceleration time histories for the north top corner of the FS.56r 
























Figure 4.54- Horizontal displacement time histories at different locations for the FS.56r 
experimental case subjected to an XYZ-direction Erzican NFGMs. 
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Figure 4.55- Vertical displacement time histories at different locations for the FS.56r 
experimental case subjected to an XYZ-direction Erzican NFGMs. 
 
Figure 4.56- Rotation time histories for the FS.56r experimental case subjected to an XYZ-
























Figure 4.57- Shake table spectra content for FS.62 experimental case subjected to X-direction 
excitation. 
 

























Figure 4.59- Overpack acceleration time histories for the north top corner of the FS.62 















Figure 4.60- Horizontal displacement time histories at different locations for the FS.62 
experimental case subjected to an X-direction excitation. 
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Figure 4.61- Vertical displacement time histories at different locations for the FS.62 
experimental case subjected to an X-direction excitation. 
 

























Figure 4.63- Shake table spectra content for FS.62 experimental case subjected to XZ-direction 
excitation. 
 

























Figure 4.65- Overpack acceleration time histories for the north top corner of the FS.62 















Figure 4.66- Horizontal displacement time histories at different locations for the FS.62 
experimental case subjected to an XZ-direction excitation. 
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Figure 4.67- Vertical displacement time histories at different locations for the FS.62 
experimental case subjected to an XZ-direction excitation. 
 

























Figure 4.69- Shake table spectra content for FS.62 experimental case subjected to XYZ-direction 
excitation. 
 

























Figure 4.71- Overpack acceleration time histories for the north top corner of the FS.62 
















Figure 4.72- Horizontal displacement time histories at different locations for the FS.62 
experimental case subjected to an XYZ-direction excitation. 
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Figure 4.73- Vertical displacement time histories at different locations for the FS.62 
experimental case subjected to an XYZ-direction excitation. 
 
























5 Chapter 5 Figures  
 
Figure 5.1- Comparison of moments of inertia for freestanding casks. 
 
Figure 5.2- Geometric characteristics and free body diagram for rigid body casks. 
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Figure 5.3- Force-Displacement diagrams for anchored and freestanding DSCs. 
 
Figure 5.4 - Acceleration histories for the top north corner of all casks when subjected to a low 
level FFGM. 
X-Direction, Time [sec]





























Figure 5.5 - Accelerations comparison for the top north and south corner of all casks when 




































































Figure 5.6 - Displacement histories for the top north corner of all casks when subjected to a low 
level FFGM. 
 
Figure 5.7 - Displacement comparison for the top north corner of all casks when subjected to a 











































































Figure 5.8 - Rotation histories for the top north corner of all casks when subjected to a low level 
FFGM. 
 


































































































Figure 5.11- Accelerations comparison for the top north and south corner of all casks when 








































































Figure 5.12 - Displacement histories for the top north corner of all casks when subjected to a 
low level NFGM. 
 
Figure 5.13 - Displacement comparison for the top north corner of all casks when subjected to a 











































































Figure 5.14 - Rotation histories for the top north corner of all casks when subjected to a low 
level NFGM. 
 

















































































Figure 5.16 - Acceleration histories for anchored casks subjected to a 100% Chi-Chi 30,000-year 
FFGM. 
 



































































































Figure 5.18 - Displacement histories for anchored casks subjected to a 100% Chi-Chi 30,000-year 
FFGM. 
 






















Figure 5.20 - Strain histories for embedded portion of odd numbered anchor bolts subjected to a 
100% Chi-Chi 30,000-year FFGM. 
Bolt 1, Time [sec]
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Figure 5.21 - Strain histories vertical members of clamp (chairs) subjected to a 100% Chi-Chi 
30,000-year FFGM. 
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Figure 5.22 - Strain histories horizontal members of clamp (seats) subjected to a 100% Chi-Chi 
30,000-year FFGM. 
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Figure 5.23 - Acceleration histories for anchored casks subjected to a 75% Erzican 30,000-year 
NFGM. 
 
































































Figure 5.25 - Displacement histories for anchored casks subjected to a 75% Erzican 30,000-year 
NFGM. 
 

































Figure 5.27 - Strain histories for embedded portion of odd numbered anchor bolts subjected to a 
75% Erzican 30,000-year NFGM. 
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Figure 5.28 - Strain histories vertical members of clamp (chairs) subjected to a 75% Erzican 
30,000-year NFGM. 
Chair 1, Time [sec]
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Figure 5.29 - Strain histories horizontal members of clamp (seats) subjected to a 75% Erzican 
30,000-year NFGM. 
Seat 1, Time [sec]
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Figure 5.32 - Photograph of a single failed (dethreaded) conventional anchor after completion of 






Figure 5.33 - Photograph of a single failed (bending/pull through) conventional anchor after 























Figure 5.36 - Figure of curve fitting of experimental data for Overpack accelerations vs. PGAs. 
 
FS.39, PGA [g`s]






















































































































































































































Figure 5.41 - Comparison of overpack X-direction displacements for freestanding casks of 























Figure 5.42 - Figure of curve fitting of experimental data for Y-direction displacement vs. PGAs. 
FS.39, PGA [g`s]












































Figure 5.43 - Comparison of overpack Y-direction displacements for freestanding casks of 























Figure 5.44 - Figure of curve fitting of experimental data for Z-direction displacement vs. PGAs. 
FS.39, PGA [g`s]









































Figure 5.45 - Comparison of Overpack Z-direction displacements for freestanding casks of 

























(a) Circular Free Standing Casks (b) Circular Casks with additional weight on top 
(c) Octagonal Free Standing Casks (d) Octagonal Casks with additional weight on top 
  
 







Figure 5.47 - Comparison of rocking and rotational histories for four freestanding octagonal 
shaped cask without a top mass. 
 
Figure 5.48 - Comparison of displacement histories for four freestanding octagonal shaped cask 





















Figure 5.49 - Comparison of rocking and rotational histories for four freestanding octagonal 
shaped cask with a top mass. 
 
Figure 5.50 - Comparison of displacement histories for four freestanding octagonal shaped cask 





















Figure 5.51 - Comparison of X-direction rocking response of octagonal casks with and without 
top mass. 
 
Figure 5.52 - Comparison of rocking and rotational histories for four freestanding circular shaped 


















Figure 5.53 - Comparison of displacement histories for four freestanding circular shaped cask 
without a top mass. 
 
Figure 5.54 - Comparison of rocking and rotational histories for four freestanding circular shaped 





















Figure 5.55 - Comparison of displacement histories for four freestanding circular shaped cask 
with a top mass. 
 




























Figure 5.57 - Comparison of X-direction rocking response for the four LS_DYNA models. 
 
 
Figure 5.58 - Comparison of Z-direction rotation response for the four LS_DYNA models. 
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AC.43S-6 (10 Nuts) 
 
  
X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 Chi-Chi 20% Original X,Y,Z 0.0578 0.0768 0.0344 0.1021
5 Erzican 20% Original X,Y,Z 0.1154 0.1039 0.0436 0.1613
6 White Noise 75%  - X  -  -  -  - 
7 White Noise 75%  - Y  -  -  -  - 
8 White Noise 75%  - Z  -  -  -  - 
9 Chi-Chi 50% Original X,Y,Z 0.1490 0.2123 0.1198 0.2857
10 Erzican 50% Original X,Y,Z 0.2781 0.2234 0.1618 0.3917
11 White Noise 75%  - X  -  -  -  - 
12 White Noise 75%  - Y  -  -  -  - 
13 White Noise 75%  - Z  -  -  -  - 
14 Chi-Chi 100% Original X,Y,Z 0.295 0.3598 0.2479 0.5272
15 Erzican 100% Original X,Y,Z 0.4994 0.3782 0.2550 0.6764
16 White Noise 75%  - X  -  -  -  - 
17 White Noise 75%  - Y  -  -  -  - 
18 White Noise 75%  - Z  -  -  -  - 
19 Chi-Chi 100% 10,000 yr X,Y,Z 0.7245 0.674 0.9074 1.3426
20 Chi-Chi 100% 10,000 yr X,Y 0.6465 0.5424 0.2290 0.8744
21 White Noise 75%  - X  -  -  -  - 
22 White Noise 75%  - Y  -  -  -  - 
23 White Noise 75%  - Z  -  -  -  - 
24 Chi-Chi 75% 10,000 yr X,Y,Z 0.4758 0.5063 0.6820 0.9736
25 Chi-Chi 150% Original X,Y,Z 0.4589 0.5673 0.382 0.8236
26 Erzican 50% 10,000 yr X,Y,Z 0.6823 0.7299 0.5332 1.1325
27 White Noise 75%  - X  -  -  -  - 
28 White Noise 75%  - Y  -  -  -  - 
29 White Noise 75%  - Z  -  -  -  - 
30 Erzican 65% 10,000 yr X,Y,Z 0.7104 0.8302 0.7183 1.3076
31 Erzican 60% 10,000 yr X,Y,Z 0.7455 0.8154 0.5223 1.2221
32 Erzican 50% 10,000 yr X,Y 0.6322 0.7702 0.2049 1.0173
33 White Noise 75%  - X  -  -  -  - 
34 White Noise 75%  - Y  -  -  -  - 













AC.43S-6 (5 Nuts) 
 
X Y Z SRSS
36 White Noise 75%  - X  -  -  -  - 
37 White Noise 75%  - Y  -  -  -  - 
38 White Noise 75%  - Z  -  -  -  - 
39 Chi-Chi 50% Original X,Y,Z 0.1664 0.1894 0.0893 0.2675
40 Erzican 50% Original X,Y,Z 0.2523 0.2233 0.0979 0.3509
41 White Noise 75%  - X  -  -  -  - 
42 White Noise 75%  - Y  -  -  -  - 
43 White Noise 75%  - Z  -  -  -  - 
44 Chi-Chi 100% Original X,Y,Z 0.2781 0.3530 0.2145 0.4980
45 Erzican 100% Original X,Y,Z 0.4679 0.3633 0.5414 0.8025
46 White Noise 75%  - X  -  -  -  - 
47 White Noise 75%  - Y  -  -  -  - 
48 White Noise 75%  - Z  -  -  -  - 
49 Chi-Chi 150% Original X,Y,Z 0.6351 0.6333 0.3269 0.9546
50 Chi-Chi 150% Original X,Y 0.4972 0.6313 0.2717 0.8483
51 White Noise 75%  - X  -  -  -  - 
52 White Noise 75%  - Y  -  -  -  - 
53 White Noise 75%  - Z  -  -  -  - 
AC.43S-6 (6DOF)










AC.43S-6 (0 Nuts) 
 
 
X Y Z SRSS
54 Chi-Chi 100% Original X,Y,Z 0.5090 0.7389 1.9567 2.1526
55 Chi-Chi 100% Original X,Y 0.4738 0.4038 1.1324 1.2922
56 Chi-Chi 20% Original X,Y,Z 0.0613 0.0837 0.0261 0.1070
57 Chi-Chi 30% Original X,Y,Z 0.1060 0.1283 0.0690 0.1802
58 Chi-Chi 40% Original X,Y,Z 0.1630 0.1782 0.1454 0.2819
59 Chi-Chi 50% Original X,Y,Z 0.1891 0.2046 0.3087 0.4158
60 Chi-Chi 60% Original X,Y,Z 0.2468 0.2537 0.7423 0.8224
61 Chi-Chi 70% Original X,Y,Z 0.3110 0.3368 0.5306 0.7012
62 Chi-Chi 80% Original X,Y,Z 0.3501 0.3041 1.2147 1.3002
63 White Noise 75%  - X  -  -  -  - 
64 White Noise 75%  - Y  -  -  -  - 
65 White Noise 75%  - Z  -  -  -  - 
66 Chi-Chi 80% Original X,Y 0.2595 0.3112 1.1913 1.2583
67 Chi-Chi 20% Original X 0.0549 0.0097 0.0061 0.0561
68 Chi-Chi 40% Original X 0.1085 0.0220 0.0200 0.1125
69 Chi-Chi 60% Original X 0.1536 0.0399 0.0517 0.1669
70 Chi-Chi 80% Original X 0.2057 0.059 0.089 0.2318
71 Chi-Chi 90% Original X 0.2628 0.0714 0.1906 0.3324
72 Chi-Chi 100% Original X 0.3636 0.0861 0.3154 0.4890
73 Chi-Chi 110% Original X 0.3606 0.0911 0.1423 0.3982
74 Chi-Chi 120% Original X 0.4249 0.1521 0.4398 0.6302
75 Chi-Chi 130% Original X 0.4244 0.1645 0.3906 0.5998
76 Chi-Chi 140% Original X 0.5798 0.1916 0.6648 0.9027
77 Chi-Chi 150% Original X 0.4611 0.2674 0.6605 0.8487
AC.43S-6 (6DOF)














1 White Noise 75%  - X  -  -  - 
2 White Noise 75%  - Y  -  -  - 
3 Chi-Chi 20% Original X,Y 0.0606 0.0837 0.10333
4 Erzican 20% Original X,Y 0.1143 0.1022 0.15333
5 White Noise 75%  - X  -  -  - 
6 White Noise 75%  - Y  -  -  - 
7 Chi-Chi 50% Original X,Y 0.1708 0.2440 0.29784
8 Erzican 50% Original X,Y 0.2993 0.2106 0.36597
9 White Noise 75%  - X  -  -  - 
10 White Noise 75%  - Y  -  -  - 
11 Chi-Chi 100% Original X,Y 0.3411 0.4202 0.54122
12 Erzican 100% Original X,Y 0.5197 0.4030 0.65765
13 White Noise 75%  - X  -  -  - 
14 White Noise 75%  - Y  -  -  - 
15 Chi-Chi 50% 10,000 yr X,Y 0.3416 0.3072 0.45942
16 Chi-Chi 50% 30,000 yr X,Y 0.4987 0.4619 0.67975
17 White Noise 75%  - X  -  -  - 
18 White Noise 75%  - Y  -  -  - 
19 Chi-Chi 75% 10,000 yr X,Y 0.4822 0.4794 0.67996
20 Erzican 50% 10,000 yr X,Y 0.6136 0.7900 1.0003
21 White Noise 75%  - X  -  -  - 
22 White Noise 75%  - Y  -  -  - 
23 Chi-Chi 150% Original X,Y 0.4378 0.5639 0.7139
24 Chi-Chi 100% 10,000 yr X,Y 0.6475 0.6055 0.8865
25 White Noise 75%  - X  -  -  - 
AC.43S-B (BIAX)










AC.43S-B (10 Nuts) (2 of 2) 
 
X Y SRSS
26 White Noise 75%  - Y  -  -  - 
27 Chi-Chi 75% 30,000 yr X,Y 0.6637 0.6585 0.93494
28 Erzican 65% 10,000 yr X,Y 0.7426 0.9234 1.18496
29 White Noise 75%  - X  -  -  - 
30 White Noise 75%  - Y  -  -  - 
31 Erzican 50% 30,000 yr X,Y 0.6929 0.8157 1.07027
32 Erzican 150% Original X,Y 0.7471 0.6185 0.9699
33 White Noise 75%  - X  -  -  - 
34 White Noise 75%  - Y  -  -  - 
35 Erzican 75% 10,000 yr X,Y 0.8725 0.8164 1.19489
36 Chi-Chi 100% 30,000 yr X,Y 0.7864 0.8880 1.18616
37 White Noise 75%  - X  -  -  - 
38 White Noise 75%  - Y  -  -  - 
39 Chi-Chi 150% 10,000 yr X,Y 0.9628 0.8444 1.28062
40 Erzican 75% 30,000 yr X,Y 1.1836 1.1045 1.6189
41 White Noise 75%  - X  -  -  - 
42 White Noise 75%  - Y  -  -  - 
43 Erzican 100% 10,000 yr X,Y 1.0332 1.0634 1.48267
44 Chi-Chi 150% 30,000 yr X,Y 1.3406 1.4090 1.94486
45 White Noise 75%  - X  -  -  - 
46 White Noise 75%  - Y  -  -  - 
47 Erzican 100% 30,000 yr X,Y 1.5414 1.5057 2.15477
48 Erzican 150% 10,000 yr X,Y 1.5685 1.4778 2.15501
49 Chi-Chi 200% 30,000 yr X,Y 1.9680 1.8119 2.67507
50 Erzican 150% 30,000 yr X,Y 2.1006 2.0995 2.96992
AC.43S-B (BIAX)










AC.43S-B (5 Nuts) 
 




1 White Noise 75%  - X  -  -  - 
2 White Noise 75%  - Y  -  -  - 
3 Chi-Chi 100% Original X,Y 0.3872 0.5124 0.64224
4 Erzican 100% Original X,Y 0.5008 0.4159 0.65098
5 White Noise 75%  - X  -  -  - 
6 White Noise 75%  - Y  -  -  - 
7 Chi-Chi 75% 10,000 yr X,Y 0.5360 0.5676 0.78068
8 Erzican 50% 10,000 yr X,Y 0.6314 0.8066 1.02434
9 White Noise 75%  - X  -  -  - 
10 White Noise 75%  - Y  -  -  - 
11 Chi-Chi 100% 10,000 yr X,Y 0.6087 0.6362 0.88049
12 Erzican 65% 10,000 yr X,Y 0.7191 0.9227 1.16982
13 White Noise 75%  - X  -  -  - 
14 White Noise 75%  - Y  -  -  - 
15 Chi-Chi 75% 30,000 yr X,Y 0.7047 0.6429 0.9539
16 Erzican 50% 30,000 yr X,Y 0.8129 1.0060 1.29338
17 White Noise 75%  - X  -  -  - 
18 White Noise 75%  - Y  -  -  - 
19 Chi-Chi 100% 30,000 yr X,Y 1.0001 0.8024 1.2822
20 Chi-Chi 150% 10,000 yr X,Y 1.1876 0.8110 1.43809
AC.43S-B (BIAX)







1 Chi-Chi 50% Original X,Y 0.2653 0.227 0.34916
2 Chi-Chi 70% Original X,Y 0.4162 0.2804 0.50184
3 Chi-Chi 100% Original X,Y 0.3278 0.4502 0.5569
4 Chi-Chi 90% Original X,Y 0.7334 0.7107 1.02126
AC.43S-B (BIAX)










AC.43C-B (10 Nuts) 
 
X Y SRSS
1 White Noise 75%  - X  -  -  - 
2 White Noise 75%  - Y  -  -  - 
3 Chi-Chi 20% Original X,Y 0.1027 0.1135 0.15307
4 Erzican 20% Original X,Y 0.1318 0.1170 0.17624
5 Chi-Chi 50% Original X,Y 0.2024 0.2212 0.29983
6 Erzican 50% Original X,Y 0.2836 0.2385 0.37056
7 Chi-Chi 100% Original X,Y 0.3329 0.4088 0.5272
8 Erzican 100% Original X,Y 0.5575 0.4380 0.70898
9 Chi-Chi 50% 10,000 yr X,Y 0.4008 0.3654 0.54236
10 Chi-Chi 50% 30,000 yr X,Y 0.3885 0.5159 0.64582
11 Chi-Chi 75% 10,000 yr X,Y 0.4546 0.5048 0.67933
12 Erzican 50% 10,000 yr X,Y 0.5204 0.7698 0.9292
13 White Noise 75%  - X  -  -  - 
14 White Noise 75%  - Y  -  -  - 
15 Chi-Chi 150% Original X,Y 0.5122 0.5491 0.75091
16 Chi-Chi 100% 10,000 yr X,Y 0.6120 0.6014 0.85804
17 Chi-Chi 75% 30,000 yr X,Y 0.6668 0.7025 0.96857
18 Erzican 65% 10,000 yr X,Y 0.7175 0.9089 1.15797
19 Erzican 50% 30,000 yr X,Y 0.9232 0.9502 1.32483
20 Erzican 150% Original X,Y 0.7408 0.6793 1.0051
21 Erzican 75% 10,000 yr X,Y 0.9479 0.9248 1.3243
22 Chi-Chi 100% 30,000 yr X,Y 0.8323 0.9864 1.29062
23 Chi-Chi 150% 10,000 yr X,Y 0.9380 0.9117 1.30807
24 Erzican 75% 30,000 yr X,Y 1.2495 1.3990 1.87575
25 White Noise 75%  - X  -  -  - 
26 White Noise 75%  - Y  -  -  - 
27 Erzican 100% 10,000 yr X,Y 1.0585 1.2737 1.65612
28 Chi-Chi 150% 30,000 yr X,Y 1.4702 1.2064 1.90181
29 White Noise 75%  - X  -  -  - 
30 White Noise 75%  - Y  -  -  - 
31 Erzican 100% 30,000 yr X,Y 1.4663 1.4240 2.04397
32 Erzican 150% 10,000 yr X,Y 1.6045 1.9943 2.55962
33 White Noise 75%  - X  -  -  - 
34 White Noise 75%  - Y  -  -  - 
35 Chi-Chi 200% 30,000 yr X,Y 1.9436 1.6288 2.53586
36 Erzican 150% 30,000 yr X,Y 2.1166 2.1632 3.02645
37 White Noise 75%  - X  -  -  - 
38 White Noise 75%  - Y  -  -  - 
AC.43C-B (BIAX)










AC.43C-B (5 Nuts)  
 
 




1 White Noise 75%  - X  -  -  - 
2 White Noise 75%  - Y  -  -  - 
3 Chi-Chi 100% 30,000 yr X,Y 0.9097 1.1813 1.49098
4 Chi-Chi 100% 30,000 yr X,Y 0.9082 0.6658 1.12611
5 White Noise 75%  - X  -  -  - 
6 White Noise 75%  - Y  -  -  - 
AC.43C-B (BIAX)






X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 S.F.P.D (FF) 50% 1,000 yr X,Y,Z 0.2150 0.2119 0.1877 0.3555
5 S.F.P.D (FF) 100% 1,000 yr X,Y,Z 0.3352 0.3650 0.7442 0.8941
6 Chi-Chi 50% 1,000 yr X,Y,Z 0.1595 0.2254 0.2175 0.3515
7 Chi-Chi 100% 1,000 yr X,Y,Z 0.4177 0.3378 0.6202 0.8205
8 S.F.P.D (NF) 50% 1,000 yr X,Y,Z 0.3296 0.2478 0.2797 0.4983
9 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.4860 0.5456 0.6897 1.0048
10 Erzican 50% 1,000 yr X,Y,Z 0.2185 0.2812 0.2058 0.4113
11 Erzican 100% 1,000 yr X,Y,Z 0.5016 0.5056 0.8545 1.1124
12 Chi-Chi 50% Original X,Y,Z 0.2289 0.3176 0.3194 0.5053
13 Chi-Chi 80% Original X,Y,Z 0.4421 0.4617 1.3529 1.4963
14 Erzican 50% Original X,Y,Z 0.3777 0.2704 0.5722 0.7370
15 Erzican 100% Original X,Y,Z 0.6668 0.4416 0.7928 1.1261
15.1 Erzican 85% Original X,Y,Z 0.6057 0.5650 1.9127 2.0844
15.2 Erzican 100% Original X,Y,Z 0.5841 0.4346 0.9080 1.1638
16 Sinusodial 25%  - X 0.1731 0.0101 0.0075 0.1736
17 Sinusodial 50%  - X 0.8050 0.3776 3.0057 3.1345
20 Chi-Chi 50% 10,000 yr X,Y,Z 0.4641 0.5889 0.6653 1.0024
21 Chi-Chi 75% 10,000 yr X,Y,Z 0.6234 0.6164 1.6410 1.8605
22 SFPD 50% Original X,Y,Z 1.0175 0.7616 0.9912 1.6118
23 Erzican 50% 10,000 yr X,Y,Z 0.6748 1.0087 0.8560 1.4851
24 Chi-Chi 50% 30,000 yr X,Y,Z 0.5712 0.8445 1.6948 1.9778











FS.39 (2 of 2) 
 
  
X Y Z SRSS
25 Erzican 50% 30,000 yr X,Y,Z 0.8793 1.2083 1.1029 1.8573
30 Chi-Chi 100% 10,000 yr X,Y,Z 0.9075 0.8251 2.6878 2.9544
31 SFPD 75% Original X,Y,Z 1.4416 0.8581 1.4326 2.2061
32 Erzican 75% 10,000 yr X,Y,Z 0.9052 1.2368 1.3798 2.0623
33 Chi-Chi 75% 30,000 yr X,Y,Z 0.7990 0.8270 2.0915 2.3868
34 Erzican 75% 30,000 yr X,Y,Z 1.2388 1.4932 1.5409 2.4776
34.1 Erzican 75% 30,000 yr X,Y,Z 0.6374 0.1800 1.5581 1.6930
43 SFPD 75% Original X,Y,Z 1.2694 0.9455 2.0942 2.6251
44 Erzican 75% 10,000 yr X,Y 1.0001 1.5739 1.8757 2.6449
45 Chi-Chi 75% 30,000 yr X,Y 0.9015 0.3419 2.7638 2.9271
47 Chi-Chi 75% 10,000 yr X 0.6035 0.2561 0.9773 1.1768
48 Chi-Chi 75% 10,000 yr X 0.5867 0.2866 1.1839 1.3520
49 Chi-Chi 75% 10,000 yr X 0.6032 0.8832 2.2139 2.4587
50 Chi-Chi 75% 10,000 yr X,Y 1.0157 0.9074 1.6700 2.1550
51 Chi-Chi 75% 10,000 yr X,Y 0.6979 0.9144 2.1390 2.4287
52 Chi-Chi 75% 10,000 yr X,Z 0.6000 0.2320 1.5277 1.6576
52.1 Chi-Chi 75% 10,000 yr X,Z 0.6014 0.2845 1.7968 1.9160
53 Chi-Chi 75% 10,000 yr X,Y,Z 0.6593 0.6620 1.5927 1.8465
54 Chi-Chi 75% 10,000 yr X,Y,Z 0.5416 0.5554 2.0325 2.1755
55 Chi-Chi 75% 10,000 yr X,Y,Z 0.5861 0.6194 2.1571 2.3195
56 White Noise 75%  - X  -  -  -  - 
57 White Noise 75%  - Y  -  -  -  - 
58 White Noise 75%  - Z  -  -  -  - 
FS.39 (6DOF) (MPC)










FS.43 (1 of 2) 
 
  
X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 Sinusoidal 20%  - X  -  -  -  - 
5 Sinusoidal 30%  - X  -  -  -  - 
6 Sinusoidal 40%  - X  -  -  -  - 
7 S.F.P.D (FF) 50% 1,000 yr X,Y,Z 0.1660 0.1642 0.1810 0.2954
8 S.F.P.D (FF) 100% 1,000 yr X,Y,Z 0.3805 0.3134 0.4784 0.6869
9 S.F.P.D (FF) 85% 1,000 yr X,Y,Z 0.3622 0.3451 0.3027 0.5847
10 S.F.P.D (FF) 100% 1,000 yr X,Y 0.5672 0.427 0.6095 0.9357
11 Chi-Chi 50% 1,000 yr X,Y,Z 0.1516 0.1904 0.1655 0.2943
12 Chi-Chi 100% 1,000 yr X,Y,Z 0.4717 0.3086 0.3898 0.6853
13 White Noise 75%  - X  -  -  -  - 
14 White Noise 75%  - Y  -  -  -  - 
15 White Noise 75%  - Z  -  -  -  - 
16 Skipped Sin Motion
17 Chi-Chi 100% 1,000 yr X,Y,Z 0.4006 0.3078 0.4052 0.6476
18 Chi-Chi 100% 1,000 yr X,Y,Z 0.3725 0.3065 0.4053 0.6301
19 S.F.P.D (NF) 50% 1,000 yr X,Y,Z 0.2277 0.2492 0.1590 0.3731
20 S.F.P.D (NF) 80% 1,000 yr X,Y,Z 0.3406 0.3543 0.3996 0.6334
21 Erzican 50% 1,000 yr X,Y,Z 0.2707 0.2552 0.1694 0.4088
22 Erzican 80% 1,000 yr X,Y,Z 0.4334 0.3680 0.3447 0.6649
23 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.3912 0.3618 0.5182 0.7433
24 Erzican 100% 1,000 yr X,Y,Z 0.4656 0.4384 0.4510 0.7825
25 Chi-Chi 50% Original X,Y,Z 0.2251 0.2668 0.3917 0.5247
26 Chi-Chi 80% Original X,Y,Z 1.0453 0.6660 2.6753 2.9485
27 Erzican 50% Original X,Y,Z 0.3173 0.2536 0.2546 0.4794
28 Erzican 65% Original X,Y,Z 0.4770 0.3081 0.2990 0.6418
29 Erzican 80% Original X,Y,Z 0.5237 0.3932 0.6123 0.8965
30 Erzican 100% Original X,Y,Z 0.7049 0.7437 2.7754 2.9585
31 Chi-Chi 30% 10,000 yr X,Y,Z 0.2501 0.2675 0.2577 0.4478
32 S.F.P.D 25% Original X,Y,Z 0.4282 0.3363 0.2655 0.6058
33 Erzican 25% 10,000 yr X,Y,Z 0.3889 0.4755 0.2165 0.6513
34 Chi-Chi 25% 30,000 yr X,Y,Z 0.3014 0.3195 0.3000 0.5319












FS.43 (2 of 2) 
 
  
X Y Z SRSS
36 White Noise 75%  - X  -  -  -  - 
37 White Noise 75%  - Y  -  -  -  - 
38 White Noise 75%  - Z  -  -  -  - 
39 Chi-Chi 100% 1,000 yr X,Y 0.3265 0.3917 0.3652 0.62722
40 Chi-Chi 100% 1,000 yr X,Y 0.4442 0.3664 0.2976 0.64817
41 Chi-Chi 100% 1,000 yr X,Y 0.4050 0.3526 0.4334 0.69006
42 Chi-Chi 125% 1,000 yr X,Y 0.4325 0.3510 1.2392 1.35863
43 Chi-Chi 150% 1,000 yr X,Y 0.4530 0.5968 0.8632 1.14302
44 Chi-Chi 175% 1,000 yr X,Y 0.5437 0.7803 0.9358 1.33424
45 Chi-Chi 200% 1,000 yr X,Y 0.6597 0.7515 2.2318 2.44559
46 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0
47 Chi-Chi 50% 10,000 yr X,Y,Z 0.4054 0.4208 0.6575 0.87962
48 Chi-Chi 50% 10,000 yr X,Y,Z 0.3891 0.3821 0.7240 0.90641
49 S.F.P.D 40% Original X,Y,Z 0.8346 0.5028 0.7191 1.21098
50 Erzican 40% 10,000 yr X,Y,Z 0.6297 0.6219 0.6402 1.09231
51 Chi-Chi 40% 30,000 yr X,Y,Z 0.4598 0.433 0.7447 0.97646
52 Erzican 30% 30,000 yr X,Y,Z 0.5799 0.5463 0.9719 1.25671
53 Chi-Chi 75% 10,000 yr X,Y,Z 0.5902 0.6509 1.8082 2.01037
54 S.F.P.D 50% Original X,Y,Z 0.8786 0.9401 1.8809 2.27893
55 Erzican 50% 10,000 yr X,Y,Z 0.6845 0.8043 0.7534 1.29732
56 Chi-Chi 50% 30,000 yr X,Y,Z 0.8500 0.5810 1.0611 1.47851
57 Erzican 50% 30,000 yr X,Y,Z 1.0495 1.0074 1.6218 2.17866
58 Chi-Chi 100% 10,000 yr X,Y,Z 0.8892 0.8009 1.6494 2.0378
59 S.F.P.D 75% Original X,Y,Z 1.0535 0.7351 1.2485 1.79136
60 Erzican 75% 10,000 yr X,Y,Z 0.9609 1.2008 1.6827 2.27963
61 Chi-Chi 85% 10,000 yr X,Y,Z 0.6306 0.7155 1.1318 1.48006
62 Chi-Chi 75% 10,000 yr X,Y,Z 0
63 Chi-Chi 75% 10,000 yr X,Y,Z 0.5144 0.598 1.4698 1.66809
64 White Noise 75%  - X 0
65 White Noise 75%  - Y 0
66 White Noise 75%  - Z 0
67 Chi-Chi 75% 10,000 yr X,Y 0.4553 0.5055 0.6912 0.96984
68 Chi-Chi 85% 10,000 yr X,Y 0.4973 0.811 2.6419 2.80796
69 Chi-Chi 75% 10,000 yr X 0.4875 0.2895 0.7713 0.95727
FS.43 (6DOF)










FS.56 (1 of 2) 
 
X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 S.F.P.D (FF) 50% 1,000 yr X,Y,Z 0.1609 0.1927 0.2229 0.3357
5 S.F.P.D (FF) 100% 1,000 yr X,Y,Z 0.4396 0.3275 0.7898 0.9614
6 Chi-Chi 50% 1,000 yr X,Y,Z 0.1539 0.1996 0.1713 0.3047
7 Chi-Chi 100% 1,000 yr X,Y,Z 0.4017 0.3907 0.6956 0.8932
8 Chi-Chi 100% 1,000 yr X,Y,Z 0.3882 0.3346 0.6767 0.8489
9 Chi-Chi 100% 1,000 yr X,Y,Z 0.3935 0.4215 0.7113 0.9157
10 S.F.P.D (FF) 100% 1,000 yr X,Y 0.3304 0.3970 0.6142 0.8025
11 Chi-Chi 100% 1,000 yr X,Y 0.3971 0.4631 0.7783 0.9889
12 White Noise 75%  - X  -  -  -  - 
13 White Noise 75%  - Y  -  -  -  - 
14 White Noise 75%  - Z  -  -  -  - 
15 S.F.P.D (NF) 50% 1,000 yr X,Y,Z 0.2242 0.3245 0.4307 0.5840
16 S.F.P.D (NF) 80% 1,000 yr X,Y,Z 0.3117 0.3932 0.7346 0.8896
17 Erzican 50% 1,000 yr X,Y,Z 0.2293 0.2791 0.3145 0.4789
18 Erzican 80% 1,000 yr X,Y,Z 0.4017 0.4061 0.7246 0.9227
19 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.5042 0.3824 0.9564 1.1468
19.1 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.4837 0.3759 0.8358 1.0363
20 Erzican 100% 1,000 yr X,Y,Z 0.5502 0.4333 1.0943 1.2992
21 White Noise 75%  - X  -  -  -  - 
22 White Noise 75%  - Y  -  -  -  - 
23 White Noise 75%  - Z  -  -  -  - 
24 Chi-Chi 50% Original X,Y,Z 0.2983 0.2522 0.4669 0.6088
25 Chi-Chi 80% Original X,Y,Z 0.5363 0.2911 0.7897 0.9980
26 Erzican 50% Original X,Y,Z 0.3295 0.2697 0.2672 0.5027
27 Erzican 65% Original X,Y,Z 0.4571 0.3127 0.2799 0.6205
29 Erzican 100% Original X,Y,Z 0.5059 0.4683 1.3323 1.5001











FS.56 (2 of 2) 
 
  
X Y Z SRSS
30 White Noise 75%  - X  -  -  -  - 
31 White Noise 75%  - Y  -  -  -  - 
32 White Noise 75%  - Z  -  -  -  - 
33 Chi-Chi 30% 10,000 yr X,Y,Z 0.2704 0.2653 0.3673 0.5276
34 S.F.P.D 25% Original X,Y,Z 0.4428 0.3395 0.4377 0.7092
35 Erzican 25% 10,000 yr X,Y,Z 0.3528 0.4900 0.3416 0.6937
36 Chi-Chi 25% 30,000 yr X,Y,Z 0.3551 0.4321 0.6988 0.8951
37 Erzican 20% 30,000 yr X,Y,Z 0.4134 0.4730 0.5869 0.8597
38 Chi-Chi 50% 10,000 yr X,Y,Z 0.4620 0.3945 0.8333 1.0312
40 Chi-Chi 50% 10,000 yr X,Y 0.4666 0.4943 0.8957 1.1244
40.1 Chi-Chi 50% 10,000 yr X,Y 0.4312 0.4214 0.8363 1.0310
41 Chi-Chi 80% Original X,Y,Z 0.5752 0.6518 1.7934 1.9930
42 Chi-Chi 80% Original X,Y 0.5239 0.5043 2.1279 2.2487
43 Chi-Chi 80% Original X 0.5302 0.1861 1.2508 1.3712
43.1 Chi-Chi 100% Original X 0.5896 0.3180 0.8520 1.0838
43.2 Chi-Chi 120% Original X 0.5939 0.3175 1.0035 1.2085
46 Chi-Chi 50% 10,000 yr X 0.5304 0.0880 0.7138 0.8936
47 Chi-Chi 70% 10,000 yr X 0.5275 0.2382 1.0506 1.1995
48 Chi-Chi 85% 10,000 yr X 0.5894 0.3345 1.5931 1.7313
49 Chi-Chi 50% 10,000 yr X,Z 0.4141 0.1027 0.5679 0.7103
50 Chi-Chi 70% 10,000 yr X,Z 0.4687 0.3717 1.7418 1.8417
51 White Noise 75%  - X  -  -  -  - 
52 White Noise 75%  - Y  -  -  -  - 
53 White Noise 75%  - Z  -  -  -  - 
FS.56 (6DOF)









FS.56r (1 of 2) 
 
  
X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 S.F.P.D (FF) 50% 1,000 yr X,Y,Z 0.1564 0.1428 0.1698 0.2714
5 S.F.P.D (FF) 100% 1,000 yr X,Y,Z 0.3216 0.4089 0.4633 0.6966
6 Chi-Chi 50% 1,000 yr X,Y,Z 0.1550 0.1400 0.1440 0.2537
7 Chi-Chi 100% 1,000 yr X,Y,Z 0.3590 0.4578 0.4104 0.7120
8 Chi-Chi 100% 1,000 yr X,Y,Z 0.3399 0.3921 0.6810 0.8562
9 Chi-Chi 100% 1,000 yr X,Y,Z 0.3223 0.3800 0.6827 0.8452
10 S.F.P.D (FF) 100% 1,000 yr X,Y 0.3389 0.3857 0.3510 0.6219
11 Chi-Chi 100% 1,000 yr X,Y 0.3469 0.3535 0.3544 0.6090
12 White Noise 75%  - X  -  -  -  - 
13 White Noise 75%  - Y  -  -  -  - 
14 White Noise 75%  - Z  -  -  -  - 
15 S.F.P.D (NF) 50% 1,000 yr X,Y,Z 0.2396 0.2199 0.2893 0.4353
16 S.F.P.D (NF) 80% 1,000 yr X,Y,Z 0.2540 0.3747 0.5208 0.6900
17 Erzican 50% 1,000 yr X,Y,Z 0.2840 0.2399 0.1763 0.4114
18 Erzican 80% 1,000 yr X,Y,Z 0.3206 0.3447 0.6279 0.7848
18.1 Erzican 80% 1,000 yr X,Y,Z 0.3246 0.3606 0.4068 0.6332
19 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.3655 0.4687 0.7799 0.9806
20 S.F.P.D (NF) 100% 1,000 yr X,Y,Z 0.3630 0.3660 0.7630 0.9208
21 Erzican 100% 1,000 yr X,Y,Z 0.4096 0.4590 0.6965 0.9293
22 Chi-Chi 50% Original X,Y,Z 0.2363 0.2691 0.208 0.4141
23 Chi-Chi 80% Original X,Y,Z 0.2450 0.4430 0.3067 0.5919
24 Erzican 50% Original X,Y,Z 0.3135 0.2517 0.3213 0.5147
25 Erzican 65% Original X,Y,Z 0.3672 0.3005 0.3906 0.6146
26 Erzican 80% Original X,Y,Z 0.5159 0.3423 0.5153 0.8055
26.1 Chi-Chi 100% Original X,Y,Z 0.3339 0.5057 0.4324 0.7444
27 Erzican 100% Original X,Y,Z 0.5032 0.4083 0.4639 0.7969
28 White Noise 75%  - X  -  -  -  - 
29 White Noise 75%  - Y  -  -  -  - 
30 White Noise 75%  - Z  -  -  -  - 
31 Chi-Chi 30% 10,000 yr X,Y,Z 0.2421 0.2438 0.2506 0.4253
32 S.F.P.D 25% Original X,Y,Z 0.4352 0.3452 0.2761 0.6203
33 Erzican 25% 10,000 yr X,Y,Z 0.3875 0.4167 0.4665 0.7358
34 Chi-Chi 25% 30,000 yr X,Y,Z 0.2924 0.3253 0.4022 0.5942
35 Erzican 20% 30,000 yr X,Y,Z 0.4188 0.3883 0.5067 0.7635











FS.56r (2 of 2) 
 
  
X Y Z SRSS
36 Chi-Chi 50% 10,000 yr X,Y,Z 0.3709 0.5028 0.5677 0.8442
37 Chi-Chi 50% 10,000 yr X,Y 0.3813 0.5057 0.4815 0.7956
38 Chi-Chi 50% 10,000 yr X,Y 0.3366 0.4054 0.3273 0.6203
39 Chi-Chi 80% Original X 0.4874 0.1522 0.3951 0.6456
40 Chi-Chi 80% Original X,Y 0.4928 0.5102 0.9037 1.1488
40.1 Chi-Chi 80% Original X,Y 0.4834 0.4928 0.8704 1.1109
41 Chi-Chi 80% Original X,Y,Z 0.4746 0.5123 0.8784 1.1222
42 Chi-Chi 100% Original X 0.4860 0.2361 1.1315 1.2539
44 Chi-Chi 50% 10,000 yr X 0.3731 0.1295 0.2544 0.4698
45 Chi-Chi 70% 10,000 yr X 0.4561 0.1651 0.7708 0.9107
47 Chi-Chi 50% 10,000 yr X,Z 0.3450 0.5071 0.4227 0.7449
47.1 Chi-Chi 50% 10,000 yr X,Z 0.3766 0.1459 0.3876 0.5598
48 Chi-Chi 70% 10,000 yr X,Z 0.4804 0.1540 0.9234 1.0522
49 White Noise 75%  - X  -  -  -  - 
50 White Noise 75%  - Y  -  -  -  - 
51 White Noise 75%  - Z  -  -  -  - 
52 S.F.P.D 30% Original X,Y,Z 0.4413 0.4068 0.4382 0.7431
53 S.F.P.D 35% Original X,Y,Z 0.5722 0.3997 0.4080 0.8085
53.1 S.F.P.D 40% Original X,Y,Z 0.5208 0.4520 0.9135 1.1446
53.2 S.F.P.D 35% Original X,Y,Z 0.4210 0.4084 0.5567 0.8087
53.3 S.F.P.D 35% Original X,Y,Z 0.4148 0.3394 0.8135 0.9742
53.4 S.F.P.D 35% Original X,Y,Z 0.4189 0.4905 0.7447 0.9852
54 Chi-Chi 55% 10,000 yr X,Y,Z 0.3333 0.4104 0.5230 0.7437
54.1 Chi-Chi 50% 10,000 yr X,Y,Z 0.2816 0.3503 0.4647 0.6465
54.2 Chi-Chi 50% 10,000 yr X,Y,Z 0.2818 0.3368 0.4676 0.6415
56 Chi-Chi 30% 30,000 yr X,Y,Z 0.3295 0.4941 0.3894 0.7102
56.1 Chi-Chi 30% 30,000 yr X,Y,Z 0.3172 0.3867 0.4572 0.6776
56.2 Chi-Chi 30% 30,000 yr X,Y,Z 0.3263 0.3517 0.5799 0.7526
57 Chi-Chi 35% 30,000 yr X,Y,Z 0.2927 0.3230 0.4208 0.6059
58 Erzican 70% 1,000 yr X,Y,Z 0.0017 0.0028 0.0015 0.0036
59 Erzican 90% Original X,Y,Z 0.4495 0.3505 0.4334 0.7161
60 Erzican 30% 10,000 yr X,Y,Z 0.3813 0.4466 0.7428 0.9469
60.1 Erzican 30% 10,000 yr X,Y,Z 0.3207 0.4266 0.6306 0.8261
60.2 Erzican 30% 10,000 yr X,Y,Z 0.2900 0.4081 1.0143 1.1311
61 Erzican 35% 10,000 yr X,Y,Z 0.3993 0.5085 0.7142 0.9634
62 Erzican 30% 30,000 yr X,Y,Z 0.5155 0.5648 1.0713 1.3162
63 White Noise 75%  - X  -  -  -  - 
64 White Noise 75%  - Y  -  -  -  - 
65 White Noise 75%  - Z  -  -  -  - 
FS.56r (6DOF) (RETEST)










FS.62 (1 of 2) 
 
  
X Y Z SRSS
1 White Noise 75%  - X  -  -  -  - 
2 White Noise 75%  - Y  -  -  -  - 
3 White Noise 75%  - Z  -  -  -  - 
4 Chi-Chi 50% Original X,Y,Z 0.2297 0.3473 0.3267 0.5293
5 Chi-Chi 100% Original X,Y,Z 0.6864 0.9302 1.4403 1.8469
6 SFPD 50% Original X,Y,Z 1.0497 0.7433 0.8374 1.5348
7 SFPD 100% Original X,Y,Z 1.0171 2.2418 3.6910 4.4366
7.1 SFPD 75% Original X,Y,Z 1.6439 2.1051 6.4211 6.9545
8 Erzican 50% Original X,Y,Z 0.4118 0.2778 0.2136 0.5407
9 Erzican 100% Original X,Y,Z 0.6401 0.4686 1.1604 1.4056
10 Chi-Chi 50% 10,000 yr X,Y,Z 0.4650 0.6443 0.7497 1.0924
11 Chi-Chi 100% 10,000 yr X,Y,Z 1.3222 1.6053 2.5685 3.3049
12 Erzican 50% 10,000 yr X,Y,Z 0.9639 1.0210 1.6175 2.1419
13 Erzican 75% 10,000 yr X,Y,Z 1.1436 1.2312 2.2824 2.8343
14 Erzican 100% 10,000 yr X,Y,Z 1.2314 2.0049 2.8141 3.6681
15 Chi-Chi 50% 30,000 yr X,Y,Z 0.8761 0.8353 1.7403 2.1199
16 Chi-Chi 75% 30,000 yr X,Y,Z 0.9170 1.0125 1.8935 2.3348
17 Chi-Chi 100% 30,000 yr X,Y,Z 1.1076 1.0554 2.8469 3.2319
18 Erzican 50% 30,000 yr X,Y,Z 1.5240 1.2121 1.4281 2.4148
19 Erzican 75% 30,000 yr X,Y,Z 1.3653 1.4725 2.0127 2.8431
20 Erzican 100% 30,000 yr X,Y,Z 1.5628 1.8531 4.3034 4.9392
21 White Noise 75%  - X  -  -  -  - 
22 White Noise 75%  - Y  -  -  -  - 
23 White Noise 75%  - Z  -  -  -  - 











FS.62 (2 of 2) 
 
 
X Y Z SRSS
24 Chi-Chi 100% 10,000 yr X,Y,Z 1.2099 1.3090 2.3749 2.9694
25 Chi-Chi 100% 10,000 yr X,Y,Z 0.9504 1.3426 2.4618 2.9608
26 Chi-Chi 100% 10,000 yr X,Y,Z 0.9660 1.2133 2.1426 2.6450
27 Chi-Chi 100% 10,000 yr X,Y,Z 0.9905 1.2262 2.0327 2.5723
28 Chi-Chi 100% 10,000 yr X 0.8959 0.4930 1.5397 1.8483
29 Chi-Chi 100% 10,000 yr X 0.8741 0.6093 1.4478 1.7976
30 Chi-Chi 100% 10,000 yr X 0.8731 0.4231 1.4160 1.7165
31 Chi-Chi 100% 10,000 yr X 1.0547 0.2810 1.0756 1.5324
32 Chi-Chi 100% 10,000 yr X 1.0067 0.4710 1.7500 2.0731
33 Chi-Chi 100% 10,000 yr X,Z 0.9807 0.4343 1.4153 1.7758
34 Chi-Chi 100% 10,000 yr X,Z 1.4984 0.6422 2.2354 2.7667
35 Chi-Chi 100% 10,000 yr X,Z 1.1052 0.4275 1.8328 2.1825
36 Chi-Chi 100% 10,000 yr X,Z 1.1617 0.6975 2.8675 3.1715
37 Chi-Chi 100% 10,000 yr X,Z 1.4781 0.5938 2.8692 3.2817
38 Sinusodial 25%  - X 0.1743 0.0205 0.0256 0.1774
39 Sinusodial 50%  - X 0.4829 0.2464 0.4270 0.6901
40 Sinusodial 75%  - X 1.7679 0.9904 5.9628 6.2977
40.1 Sinusodial 50%  - X 0.5367 0.2902 0.4591 0.7636
40.2 Sinusodial 40%  - X 0.3174 0.1261 0.1889 0.3903
40.3 Sinusodial 45%  - X 0.4170 0.1553 0.2560 0.5134
40.4 Sinusodial 60%  - X 0.6137 0.2311 0.4095 0.7731
40.5 Sinusodial 65%  - X 0.7995 0.6887 1.8459 2.1262
42 Hector Mine (FF) 50% 30,000 yr X,Y,Z 0.6488 0.8017 1.8516 2.1195
43 Hector Mine (FF) 75% 30,000 yr X,Y,Z 0.7364 0.9422 1.7587 2.1267
FS.62 (6DOF)
# Description Scale (%)
Return 
Period
Excitation 
Direction
PGA(g)
